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Foreword 

Professor  N.  E.  Serebryakov's  book!  "Interior 
Ballistics"  was  published  in  Mo scow  in  1949 » and  c a. -rises 
a course  of  lectures  presented  at  the  Artillery  Acad@nj 
of  the  B*  h«  8.  B.«  Professor  Serebryakov  is  a Member  of 
the  Kussian  Academy  of  Artillery  Sciences!  and  his  book 
is  used  as  a textbook  in  the  engineering  and  technological 
institutes  and  the  physics  and  mathematics  departments  of 
the  universities  of  the  U.  S.  S.  E. 

The  Russian  book  Js  an  imposing  volume  of  670  pages 
of  large  sise,  and  it  is  not  a scientific  treatise  but  a 
textbook)  intended  for  students  of  the  subject.  Accord- 
ingly it  has  not  been  thought  worth  while  to  issue  a 
translation  of  the  entire  book,  but  to  include  only  such 
material  that  is  not  readily  available  in  English.  A full 
translation  has,  however,  been  prepared  and  the  manuscript 
copy  is  being  retained  in  the  Department  of  Chemistry  of 
The  Catholic  bodversity  of ^ America, 

The  task  of  making  the  complete  translation  was 
carried  out.  by  Br„  Net.  *£  under  contract  with  the 
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Depart sent  of  the  Army,  while  the  condensation  was  done  by 
him  at  Catholic  University.  In  preparing  the  condensation 
the  procedure  has  been  to  include  the  titles  of  every  section 
in  the  eenplete  hook,  but  to  omit  such  parts  of  the  text 
as  appeared  unnecessary.  In  this  way  it  is  hoped  that  the 
continuity  of  the  original  text  will  be  preserved,  while 
at  the  same  time  there  will  be  all  possible  economy  of  space 
and  reading  time. 

Pr»  Wekr&ssoff  is  at  present  i»  preparing  a 

report  uhich  will  compare  and  contrast  the  tusjian  interior 
ballistic  system  with  various  other  methods. 


K.  J.  La idler 
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Translator’s  Preface 

A translator  nay  decide  to  produce  a smooth  "literary" 
version,  as  a more  or  less  free  interpretation  of  the  or- 
iginal book,  or  he  nay  attempt  to  give  in  the  new  language 
as  nearly  "literal"  reproduction  as  is  compatible  with  the 
necessity  of  getting  a readable  and  understandable  text. 

The  latter  course  has  been  ohosen  for  this  translation. 

The  present  version  represents  an  abbreviation  of  ny  orlg- 
nal  translation,  which  was  a oomplete  one.  Perhaps  the 
present  translator  may  be  permitted  to  mention  the  follow- 
ing partly  historical,  partly  personal  detail. 

In  1902  Professor  A.P.  Brynk,  of  the  Russian  Artil- 
lery Aoademy  in  St.  Petersburg,  translated  at  the  request 
of  the  U.S.  Havy  Department  his  course  in  Interior  Ballis- 
tios  into  English.  This  book  was  published  in  the  U.S. A. 
in  1904.  It  was  my  unlooked-for  good  fortune  that  I,  a 
former  student  and  assistant  of  Prof.  Brynk  (1906-1914) 
at  the  Russian  Artillery  Aoadsmy,  was  employed  on  a oon- 
traot  with  the  General  Adjutant’s  Office  of  the  U.S.  Army 
Department  to  translate  into  English  the  present  course 
in  Interior  Ballistics  of  the  Russian  Artillery  Academy 
in  Moscow. 
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list  of  terms,  symbols  and  definitions. 

a*  Tbs  following  subscripts  are  used  in  this  book; 

o * the  time  of  the  beginning  of  the  projectile  motion, 
m * the  time  of  the  maximum  pressure, 
s = the  time  of  the  beginning  of  fragmentation  of  the 
powder  grains. 

k * the  time  of  •all-burnt"  (the  end  of  burning). 

2 » the  rvment  when  the  projectile  leaves  the  muzzle, 
b.  The  system  of  units:  decimeter  (dm)  - 

kilc0:»u  - second  (sec.)  - is  usod  here. 

Cc  The  term  "ponder  grain*  means  a separate  element  of 
the  powder  oharge,  e.g.,  strip,  tube,  plate,  card, 
d.  Initial  dimensions  of  the  grain  are  those  measured 
before  the  beginning  of  the  burning. 

Character is tics  of  the  gun,  projectile  and  powder  charge. 

1,  (a)  Caliber  cf  a cylindrical  bore-diameter,  d, 

measured  between  the  opposite  lands  of  rifling;  d»  is 
a diameter  measured  between  the  opposite  bottoms. 

(b)  Caliber  cf  tapered  (conic)  bore:  d0  (brseoh 
caliber);  (muzzle  caliber). 
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Here,  a * width  of  a land:  b * width  of  a bottom. 

(b)  The  affect ive  caliber, 

d, st\Jad£*g'£>  f S-^  d* 

3.  Total  length  of  the  canal  (bore)  measured  from  the 
brecoh  to  the  muzzle  * 

on 

4.  Length  *£  the  rifled  part  of  the  bure  *> 

3.  Chamber  » the  space  behind  the  base  of  a projectile 
in  its  initial  position. 

6.  Chamber  capacity  * the  relume  of  chambor,  W0. 

7.  Weight  of  projectile  * q. 

0,  (a)  Weight  of  powder  ohargeOJ  } * density  of  ponder, 

(b)  Volume  of  powder  charge  * ^ 

Characteristics  cf  powder  and  pcwler  gases. 

9.  Total  heat  of  the  explosive  prooess  ^ * the  amount 
of  heat  derived  from  1 kg.  cf  powder  burned  in  the 
closed  vessel  and  cooled  down  to  15*  C.  (water  vapor). 
Potential  energy  of  powders/7  - 4270  <%w  kg.  dm. 

10.  Specific  volume  of  powder  gases  * w*  * the  volume 
ocoupied  by  gases  delivered  by  1 kg.  c t powder  at 
0*  0.  and  pressure  of  760  mm  (water  vapor), 

11.  Temperature  of  the  powder  burning  = Tj.  = temperature 
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(10,  11),  here 


of  the  explosive  process  of  powder  read  on  Z* 
(absolute  eoale). 

12.  The  *foroe*  of  powder  * f • . 

pa  ■ 1 atm  « 1.033  kg/cm». 

13.  Oovolune  if  the  powder  gases  » «(,*  a volume  propor- 
tional to  the  total  volume  of  gas  molecules  derived 
from  1 kg.  of  powder  (dm»/kg.). 

14.  Bate  of  powder  buraixg,  u * the  linear  velocity  of 
the  burning  process  normal  to  the  surface  of  the 
grain  (in  mm/sec.). 


15.  (a)  Bate  of  powder  burning  at  the  pressure  equal  to 


P-  ■*  1 atm; 


(b)  Gas  constant,^  is  the  work  produced  by 

1 k&.  of  gas  at  its  heating  on  1*  at  the  pressure 
pa  * 1.033  kg/csi8  (1  atmosphere). 

(c)  Speoific  heat  of  the  gas  at  constant  pressure 
CD.  Specific  heat  cf  the  gas  at  constant  volume  C,., 

— - W 

*'ir  ' 

A = thermal  equivalent  cf  work, 

(a)  k - 1 = B 
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Dimensions  of  powder  grain, 

16.  Thickness  of  a turned  layer  = variable  e. 

17.  Initial  thickness  (web)  * 2 «i 

18.  Surface  of  the  grain  * variable  S. 

19.  Initial  surfaoe  of  the  grain  * Si. 

20.  Volume  of  the  grain  * variable  A 

21.  Initial  volume  of  the  grain  * Af 

22.  Relative  thickness  of  the  burned  layer  * variable  Z 

hereJifcstJ^T  (16;  17}  32;  33;  14;  15). 

23.  Relative  surface  of  the  grain;  (18;  19). 

24.  t (a)  Rel,  Vol,  of  the  burned  grain  * variable 

(b)  Volume  of  the  burned  part  of  charge  i^C^} 

c-ny  of  the  unturned  part. 

(c)  Value  of  the  covolume  of  burned  part  =0C  ^ 
Travels*  velocities  and  pressures, 

25.  Time  of  departure  of  a projectile  ~ the  moment  the 
base  tic  projectile  leaves  the  s&uisl?. 

26.  Relative  travel  of  projectile  s variable  1*  measured 
from  the  initial  position  of  the  base  of  projectile. 

S7,  Total  travel  along  the  bore  lg  (26;  25). 

28*  Relative  velocity  of  projectile  - variable  v(v)  = a 
tranalatory  velocity  of  a projectile  in  its  travel 
relative  to  tig  barrel,  >25). 
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29*  Muzzle  velocity  * & relative  velocity  of  a projectile 
(28)  at  the  moment  of  departure  from  muzzle  (85) 

30.  rowdor  pressure  (variable)  p » mean  value  of  all 
local  pressures  behind  the  projectile  in  the  bore 
at  any  moment. 

31.  Mean  powder  eressure  /j  i 
(37;  7;  28;  2;  26) 

Hera  g * acceleration  of  gravity. 

32.  impulse  of  powder  gas  pressure  (variable) 

/ sjpdt,  Here  t » time,  /. 

33,  Impulse  at  the  end  of  powder  burning  * Jj „ 

Special  quantities  and  coefficients.  ® 

34,  Density  of  loading  (as  6)s a*};  Wtdm* 

35,  Gravimetric  density  is  the  ratio  of  the  weight  of 
freely  poured  powder  in  a vessel  of  a definite  form 
and  a definite  volume  to  the  weight  of  water  at  4*0. 
filling  the  same  vessel  to  the  same  volume.  Uote; 

It  is  essential  to  specify  precisely  wbafc  form  and 
volume  of  a vessel  must  be  used  and  in  what  particu- 
lar manner  the  powder  must  be  poured  in  the  vessel. 
Any  change  in  these  specifications  will  affect  the 
numerical  value  of  tie  obtained  gravimetric  density, 
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?6.  (aj  Sff-ctivc  length  of  the  chamber  10  ia  the 

of  a cylinder  hiving  its  volume  equal  to  the 
chamber  eapaoity  (6)  and  its  drooler  base  equal  to 
the  nr-ess  sectional  area  of  the  bore  ( s) t $4»w. 

(b)  Actual  length  of  a chamber  10  is  the  distance 

between  the  baaes^of  the  barrel  and  the  projectile; 

j*  s%>/. 

37.  (a)  Coefficient  accounting  for  the  secondary  energy 
losses  * (p 

(b)  Theoretical  formula?  Cps  GL  + mi 
Here;  a (1.03-1.06) ; 6 « 1/3. 

(c)  Empirical  formula s ^ * x.05 (j't  jf'  <fy 

38.  Coefficient  of  the  weight  of  projectile  -^j 
% in  &g. ; 6 in  dm, 

39.  Coefficient  of  the  utilization  of  the  Dowder  charge: 

/ _ t / 

7*~  ~Jf ' "5r  ('i  3«i  8)- 

40.  Coefficient  of  projectile’s  location  at  the  time 


of  * burnt*. 


M 


41,  Relative  weight  of  powder  charges 
4£v  Coefficient  of  the  gun  pot-sac, r: 

Pt 

* - - 4 


a* 


(27) , 
(3,  0. 


43,  Total  efficiency  of  the  powder  charge: 

' L & 

rj  . -Jr' 


I* 


**  “ 7m 


Oi 


A A ' Afflo  rt/  T Oft  ^ ^ I 

TfX  * o AV4>  V*  ,|/*VM^w»  w W%«*|MUVVV*  v«  • 

CV  W t rta  V \ 

45.  coefficient  of  chamber’s  widening  “ a>*J/* 

46.  Mean  diameter  of  the  chamber  D 3 d \fiS 

47.  At  n rifles  with  their  depth  t*  and  caliber  d,  the 
total  length  of  the  cross  sectional  perimeter  of  the 
bore  will  be*  ttfcl+Q)*  Zht^-JfcC' 

here  d"  is  the  effective  diameter  of  a oircumference 
having  the  same  length  as  the  perimeter  of  the  bore. 
Since  tr  » (0.01  ...  0.02)d,  we  will  have:  a*  * 

ad(l.l9  ...  1.38)  at  n * 28  or:  d"  * (1  + CL)d  ). 

v 

48.  Initial  working  surface  of  the  bore  jEL#|at  the  begin- 


ning t = t0: 


E.-  31  ®4 * * jf(ctf=  jrct(p*  + i 


49.  yinal  vorking  surface  of  the  bore  at  t = t}  : 

~ _ ftJ.ru  \iPj.  / 'l 

*"  ' y W */ 

50.  Workiig  surface  of  the  bore^at  any  t: 

2 = 3 r 4 (!+*,)&+ £) 

flU.1.  « V>«-«  • 

1UUO  WO  JUGl  Vc» 

E _ e.*e.ht.  K-&H. 

— a tt  /? 


Cei 


il 


51*  Total  length  of  the  gun  canal; 

4,3<H8  k +*><• e-'  Z<-  < (/-  i)=4r 

Here  L^n  Is  the  "effective"  total  length  of  the  gun 
canal  end  n*  * /—  55  s/"*  ^ 

i.e.»  n*  is  the  relative  increment  of  l0. 

58.  Total  volume  cf  the  gun  oanal:  Wcn~  s LCn 
55.  Working  volume  cf  the  canal:  V£=  5< 

54.  Totai  volume  behind  the  projectile : 

sfat) 

55. , Volume  ¥ corrected  for  the  volume  of  unburned  powder 
and  for  the  covolume  csf  powder  gaaes;  w-th-ty  esttjk 
a +S&  K$,+5/=  S^,*S/<=s(£sQ 

H.r.:  ■=£[/-$-* 

^is  the  effective  length  of  the  free  volume  of 
chamber  at  a given  moment  of  time  when  a fraction  ^ 
of  the  powder  charge  is  burned.  At  the  beginning: 

<f=  on  £=<(/-£)= 

At  the  end;  ( ^ = 1) 


IS 


& 


56.  The  function  r=jr  2?  is  a specific  rate  of 
gasification  per  unit,  pressure,  or  the  intensive- 
ness  of  the  process  of  gasification, 

i-.  4J£'U'i£  ~ 7T  £U* 
• 'mP  7t!  s,  P A,  Sf  r AiS' 

$«_  no 

57.  Speoific  surface  of  grains 

58.  Heiative  surface  of  grain:  • 

59.  2 ex  is  a thickness  of  strip 

ll'soc ; 9& 

2 o is  a length  of  atrip  • ^ 

2b  is  the  width  of  strip, 

eo.  <i»s  VbzQ^X+fiZ*) 


. or:  «f=  «Jt», 2(/+^) 

6i.  e*/+2>>x+3t>xx 


or:  6“=/^**'?  ; + 

where:  •*.= 9<>  , 5>l  = ~/rit'  * 

* a 
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62.  Volume  In  which  gases  are  emitted  from  the  powder 

surface:  v-K-f 


63. 


^ ratio  of  a burning  surface  to  volumo  V. 
For  the  inner  surface  of  perforation: 

*'£.  _ xd.tx  _ / 

* " w*  ' ' ar 

Here  3^  » inner  surface  of  channel  in  grain, 

Wk  * volume  of  channel  in  grain.  For  the  outer 


surface  of  a grain: 

./.  S' 


F9  i‘j+ap 


S*  » outer  surface  of  all  grains, 
tion  powder:  -|r  **7o 


For  7 perfora- 


H * number  of  grains;  n = number  of  perforations 
in  a grain. 


0 
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65.  Various  forms  o f the  law  of  humirg: 

u * u%p , when  Ik  is  net  affected  by  the  value  oi  A 

{ui  may  he  a variable). 

u « Apy  when  i</  \ is  inoreaaed  with  the  in- 

creased A • 

u « ap  + h when  ‘ Ik  is  increased  with  the  in- 
creased A . 

66.  If  U>\  f\  Z^A*  are  values  of  characteristics 
of  the  powder  adopted  in  service  and  6)  is  & de- 
sired value  of  a charge  of  the  experimental  powder 
which  is  expected  to  produce  the  same  pm  and  1ft 
obtainable  in  service.  Then 


fm  3^**  are  determined  by  the  experiment. 


IS 


IHfHODtTCTIOK. 

Gejagral  Description  of  the  Contents, 

The  present  book  is  essentially  different  from  its 
first  edition  of  1939  and  contains  several  chapters 
whloh  were  written  anew.  An  extensive  editorial  and 
method  o',  ogioal  work  has  been  done  by  the  ohair  of 
Interior  Ballistics  of  the  Artillery  Academy  during  the 
yeara  at  the  Orest  War  II  and  afterwards  and  the  entire 
course  has  been  completed  as  a collective  work  of 
Soviet  scientists  and  teaohlrg  staff  at  the  ohair  of 
Interior  Ballistios  of  tbs  Artillery  Academy.  Necessary 
references  to  the  works  of  foreign  authors  are  made  only 
for  historical  elucidations  of  certain  questions  (prior 
to  1925)  especially  in  di sou as ions  of  the  burning  proo- 
e88  at  powders. 

This  course  is  intended  as  a textbook  for  students 
of  the  engineering  faculties  of  the  Artillery  Academy 
and  for  other  higher  technical  institutions;  it  may  also 
serve  as  a manual  for  the  technicians  of  manufacturing 
plants, construction  bureaus,  laboratories 
werking  for  the  Ordnance  Engineering  Department;  this 
book  can  be  used  by  scientific  worker s and  engineers  as 
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well  as  by  graduate  university  students  of  physio o- 
mathematioal  sciences. 

The  course  begins  with  an  Introductiaa  and  has  3 
parts.  A large  part  at  the  introduction  has  been  re- 
written and  special  attention  i:,  paid  to  the  adequate 
presentation  of  the  importance  of  a direct  oonneotion 
between  Interior  Ballistics  and  the  Ordnance  Xngineer- 
ing  designs  of  artillery  systems  and  their  ammunition. 

A new  ohapter  - •Historical  outline  of  the  devel- 
opment of  Interior  Ballistios*  has  been  added,  in  which 
due  acknowledgement  is  paid  to  tbs  leading  role  played 
by  Sussian  scientists  cf  both  periods  - before  the 
October  Revolution  of  1917  and  after  it. 

Part  I,  •Physical  fundamentals  of  Interior  Ballistics*  - 
presents  the  physical  aspect  at  the  entire  firing  proc- 
ess of  the  firing  from  the  moment  when  the  powder  begins 
to  burn  until  the  end  cf  the  after  effect  of  powder 
gases  acting  on  the  projectile  as  well  as  on  the  barrel 
at  the  gun.  Part  I consist?  o£  the  following  5 Seotionst 

Section  X*  ^powder  as  a source  of  Snergy*  - con- 
tains general  information  about  various  types  of  powders 
and  their  principal  characteristics. 


IT 

Iven  though  not  a few  current  authorities  have  re- 
jected ths  use  of  the  terms  "Pyroatatice"  and  "Pyro- 
dynamics"  these  terms#  nevertheless#  are  being  used  in 
this  textbook  merely  for  tbs  sake  of  their  simplicity 
and  olerity. 

flection  II.  "General  Pyroatatioa"  has  been  consid- 

\ v * * 

i * • * 

erably  enlarged  in  this  volume  and  its  material  is  re- 

, * * 

distributed  in  a different  order  as  ocnpared  with  the 
1 st  edition. 

flection  III,  "Ballistic  analysis  of  propellants 
baaed  on  the  physioal  law  of  the  burning  prooess"  has 
been  enlarged  and  in  aooardanee  with  current  theories 
of  burning  propellants#  deals  with  finding  a sound  and 
secure  criterion  for  determining  the  various  laws  con- 
trolling the  rate  of  burning. 

Sect! on  IV.  "Physioal  bases  cf  Pyrodynamics"  - 
has  a new  material  in  it  and  a new  treatment  of  sons  old 
questions  of  the  importance  of  variations  la  powder 
chamber  capacity  or  of  the  relationships  between  the 
three  powder  pressures;  1}  acting  at  the  base  of  the 
projectile,  2)  at  tbs  breech  of  the  gun  and  3)  the 
average  pressure  acting  behind  the  coving  projeotile. 


la 


Section  V.  "Phenomena  prod  ueed  by  the  flow  cf 
ponder  gases"  deals  with  the  after-effect  of  ponder  gases 
continuing  their  aetim  of  increasing  valooiti as  - of  the 

projeotils  as  njell  as  of  the  recoiling  system  and  a*! so 

\ 

woricing  on  the  mnrzle  brake  (if  such  is  present). 

Part  II.  "Theory  and  practice  of  the  solution  of  the 
basic  problems  cf  Interior  Ballistics*  - represents  a 
general  exposition  of  theorotioal  and  applied  Pyrody- 
namiea.  Here  are  given  various  a»tfecds  (analytical, 
numerical,  eiqpirioal,  tabular)  eg  solutions  of  baslo 
problems. 

A special  introduction  to  part  II  presents  a general 
outline  of  the  approaches  to  tbs  basio  problems  nhen  using 
one  or  another  method  among  the  four  mentioned  above. 

flection  VI.  "Analytical  methods  of  solution  of  the 
direct  problem  of  Interior  Ballistics".  A baslo  anslyti- 
cal  method  is  presented  in  the  form  cf  the  famous  rigor- 
ous solution,  published  for  the  first  ties  in  world  lit- 
erature on  tbs  stibjeot  by  Prof . B.  f.  Droedov  in  1910. 

We  also  have  bare  some  other  simplified  solutions  due  to 
Prof.  Qrave  and  Prof.  Oppokov.  A separate  ohapter  con- 
tains a new  solution  proposed  by  rfvt,  flsrsbryakcv  based 
on  hi*' own  research  on  the  physical  law  of  burning  ("The 
physical  law  of  burning  in  Interior  Ballistics",  194§). 


19 


Sac tl can  71 1.  "numerical  Method*"  has  boon  reprinted 
from  the  iet  laition. 

Seotlgn  VIII,  "Sapirical  Methods*  has  been  consid- 
erably abridged  beoause  these  methods  and  their  tables 
became  obsolete  in  comparison  with  present  usage  of  new 
tables,  based  on  analytical  solutions)  speolal  auxiliary 
tables  of  neoeseary  corrections  calculated  by  Prof. 
Slukhotaky  are  nevertheless  also  given. 

Section  IX.  "Tabular  methods  c t solution  of  problome 
of  Interior  Ballistics"  - oontains  special  revised  in- 
struct  ions  for  making  tables  and  additional  material 
coll  acted  from  the  new  tables  issued  in  194£  by  the  Chief 
Artillery  Board.  Here  is  also  presented  a revised  theory 
of  similarity,  baaed  on  formulae  which  were  used  in  the 
construction  of  the  ballistic  tables.  For  the  first  time 
a new  method  is  given,  which  is  based  on  the  use  afr*&&W 
variables  and  reduced  number  of  parameters.  This  method 
is  due  to  Profs,  Brcsdcv  and  Qkunev  and  Messrs.  Gorokhov 
and  Sviridov  and  ie  included  in  tfcj  text  of  this  course. 

Section  X.  "Ballistic  methods  of  gun  design®  - is 
entirely  new  and  leads  to  practical  results  regarding  the 
characteristics  of  a gun  whose  design  is  to  b a determined 
with  respset  to  the  specific  tschniko-tactical  performance 
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desired.  A special  "Directive  Diagram"  aff<s*6§  a aub- 

etsilt-iel  “S Jiiwti  SI  i u a'Jinii S T Sf  TSriCSt!  50SSi4®?|4  j 

and  a oat  bod  of  evaluation  of  durability  of  gun,  proposed 
by  Prof.  Jlukhotzky  ia  prasantad. 

Part  III.  "Solutions  of  spaoial  more  involved  problems 
of  Interior  Ballistioa".  Hare,  in  Section  XI,  we  have: 

1.  Solutions  obtained  analytically  and  by  mans 
of  tables  far  the  problem  of  composite  powder  chargee, 

2.  The  oaae  of  a trench-mortar  (mine  thrower)  whan 
leakage  of  gases  is  taken  into  consideration. 

o.  Solution  of  the  basic  problem  alien  the  process 
cf  the  gradual  engraving  of  the  band  is  acoounted  for 
(by  Prof.  G.  Oppokov). 

The  last  Section  All  contains  a special  case  of  de- 
sign of  tapered-boxe  guns  ( coned  bore). 

Thus  the  present  course  deals  with  the  n»4or  part 
of  current  problems  of  Interior  Ballistics. 

A Brief  Historical  Survey  of  the  Development 
of  Interior  Ball  la  tics  in  Russia 
The  history  cf  the  development  of  Interior  Ballistics 
is  naturally  related  to  the  general  development  of  artil- 
lery. Duriig  the  period  between  the  end  of  the  JWllth 
oentury  and  tbs  beginning  si  £7lXIth  the  artillery  was 


defiLit-ly  ifioorpareted  into  all  armies.  It  had  already 
lost  all  its  old  medieval  traits  and  traditions  and  thus 
beoame  capable  of  a normal  progressive  development.  As 
a result  - an  almost  immediate  improvement  began.  A dis- 
orderly confusion  of  numerous  oalibers  and  models,  an 
absence  of  firmly  established  general  principles  and 
the  uncontrollable  arbitrariness  of  empirical  rules  of 
thumb  - all  thess  defects  beoame  obvioualy  ob jeoti enable 
and  mere  disposed  of. 

In  all  countries  there  were  organized  special  artil- 
lery experiments,  and  scientific  attempts  were  originated 
for  systematical  investigation#  within  the  province  of 

firs  arms. 

rss  of  gun-sal  iber,  its  relation  to  the 

length  a$&  weight  of  a gun,  and  the  weight  of  powder 
charge;  the  distribution  of  metal  over  the  ®in  body,  the 
effective  distance  of  a firing,  reeoil  action  on  a gun 
mfcunt  - all  these  riddles  a ad  questions  «src  investigated 
with  gratifying  results  among  which  351st  be  mentioned  a 
marked  cutting  Sown  of  powder  charge  to  i/3  or  1/2  of  the 
cannon  balls. 
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In  Russia*  the  czar*  Pater  the  Great  (1678-1725}  was 
personally  interested  in  ta#  artillery  art  and  hs  even 
wrote  *A  manual  for  the  use  of  Artillery*,  Since  those 
remote  tiass  the  Russian  Artillery  beoame  one  of  the  best 
artilleries  in  Stir  ope. 

The  organization  and  tactical  progress  of  the  artil- 
lery moved  ahead  together  with  the  progreae  of  a new 
Artillery  Science  which  concentrated  its  stud  lee  mainly 
on  the  air  resistance  affecting  the  trajectory  of  a pro- 
jectile,, 

Daniel  Bernoulli  {1700-1782)  in  his  olassic  baro- 
dynamics" laid  the  foundation  of  gas  mechanics,  introduced 
a concept  of  Elastic  gas  expansion  and  showed  how*  by 
taking  into  account  this  expansion  to  calculate  the  shot 
travel  in  the  gun  barrel.  The  great  Euler  (1707-1783) 
spent  much  of  bis  s restive  efforts  in  studying  the  proc- 
esses taking  place  in  the  gun  barrel  but  the  conn  late 
laok  of  experimental  data  produced  a farther  developiscat 
of  his  work.  (Euler  as  a member  cf  the  Russian  Academy 
c£  Science  lived  in  St.  Petersburg  in  1787-1741  and 
1766-1785). 

Banj,  Eohins  (1707-r7oi)  invented  and  constructed  a 
ballistic  pendulum  which  was  used  is  ballistic  experi- 
ments for  mar©  than  XQQ  years. 


S3 


ffobinij, in.- lVifc  wrote  -Sew  Principles  of  Artillery 
flaianaef  in.  whi.ah  ha  subdivid  ed  t hie  aoience  into  fetor~ 


r'\~r  -va  it  ij  f 


-^.T  - . 


Icr  lalUatioe  aid  interior  Ballietiea.  Ha  formulated 
t&f;,baaio  problaw  of  ..Interior  Ballistic  e in  the  follow- 
ing word  at  .^naming  the  length  and  ealihar  of  a gun, 
welghtt>,of  the  powder  charge  and  of  the  ahob,  and  the 
•laetio-f orce  of  powder  gates  at  the  firat  moment  of  their 
ighl^Jon  -r  M calculate  the  Telocity  at  *hioh  the  shot 
will  fh,f,  .propelled,  out  of,  a gue*. 


the  %eoratioal  and  experimental  dev- 
elopaaant  .of  the  Artillery  Jcienoe,  technical  reorganisa- 
tion of  Artillery  alao  cont  inued  lta  progreaa  in  the 
Axtillerypfaotice;  naif  meobaniems  were  constructed,  the 
loadini  procedure  was.  ipiprored  and  the  general  level  of 
thii^y^tlif,  qu^litt^a  of  the  Artillery  was  markedly 


Ooneld  arable  progress  in  the  Buaaian  Artillery  wae 
a©hijsyedr  during  the  , period  from  1750  to  1760,  when  Count 
P.  I.  snouTaloT  introduced  his  own  artillery  system  whioh 
became  .Tory  popular  and.  serviceable  under  the  name 
"Shoi^sloy3  s.tfuiporn  s?- . These  uniecrns  turned  ©ut  to  be 
very  successful  during  the  Great  Patriotic  "War  of  ISIS, 
ms  as  during  ffa  $em/a  tt&r  (p’S^n^). 


£4?: 


- xai»"  iyiism  waii  costiii'aally  in  the  army  =sr?iee  till 

thurified  gun*  took  their  plate*.  It  la  of  interest  to 


note^ierer  Miat  in  all  textbooks  of  artillery  in  an 
oottfitries  fSda sis  deluded ) we  read  that  the  rifled  guns 


case- Into ^till^y J-praCtd.6‘4' almost  at  the  same  time, 
»nsry:fih'ths  middle  of  the  XUth  eentury  (1855-1865). 
'Aad'^yet  tie'  ;d«M8pitable  fast  is  that  in  the  Museum  of  the 


MueilAtl  Artillery  Academy  there  am  several  rifled  guns 
dated  as  far  baok  as  1615  and  several  guns  dated  1645 
*nd  ;l680^hef^  Very1  primitive  but  effective  <nough  breeoh 
me6bb'aHHHs'r>  And  '-there'  is  ahotbsr  wen  known  fact,  that 
no  otktfc*  p^reOh'bht^Af- feru^pp  Himself,  when  visiting 
Bt/  Jetersbhrg  ih  1885,  he'd  Offered  a fabulous  sum  of 
money  fti^-all?' "these  mod els  which  still  remain  in  tbs  same 


'it  would  be  however  not  very  reason- 


able to  proclaim  that  the  Russian  artillery  used  the 


rifled  'gffifc  Vith  breech  mechanisms  as  early  as  in  the 
3VHth  eCfetery*  Besides  this1  we  have  a documentary  evi- 


dence in  form  of  a oorap rehensive  description  of  experi- 


ments with  rifled  guns  in  1547  made  in  &g land.  Ho  such 
$uas  however  were  preserved  as  relics  cf  those  remote 
days* 
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(vTa*  first  scicntif iia lly  sstabiishe a principles  or 
thetheoTaticai  and  experimental  ballistic s begin  only  in 
tht.aeeoad  hair  of.  tbs.  xp.th  oentuiy,  being  founded  on 
t^e-  »oll4  basis  of  a .general  scientific  development  of 
twohbie*' and  teohnology  of  that  period. 

first  theory  of  the  powder  burning  process  has 
been, published  in  1857  in  Buseia  by  a chemist  Shiskov 
and  in  Oermny  by  Bunzfn. 

In  185, O^Oap tain  of  the  Buaeian  Artillery  A.  P.  Gorlov 
published  an  artiole  on  the  motion  of  a projectile  along 
the  rifled; bore  of  a gun;  thie  artiole  was  republished  in 
tbe  Oosptse  Rendue  of,, the  Yrenoh  Aoadomy  of  Soiencea  (1868) 

In, 1858.  Colonel  of  the  Ruaelan  Artillery  ’ . 

wSsf*  by  means  cf  experimental  firings  from  a 

pia|0l  ,and.  4 lb,  gun;  found  hew  the  products  of  the  burnt 
pcwdergWOfb  affeoted  by  the  conditions  of  the  burning 
process. within  the  gun  barrel, 

* Those  works  laid  the  foundation  for  further  research 
on  the  burning  process  during  firing  conducted  by  the 
future  investigators. 

In  the  middle  of  the  XDCth  century  there  *ere  intro- 
duced the  two  mdst  important  and  successful  vUvices  of 
Sxperimental  Ballistios  - the  chronograph  by  Le  Bulang® 
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and  vj*  crusher  by  Than  as  a natural  next  step 

the  manometric  bomb  was  construe  tad  and  a new  branch  of 
the  Ixperimantal  Ballistics  - lfemometrjrbegan.  In  3B68- 
1875'  Hobel  and  Abal  oonduoted  important  experimentations 
on  the  qualitative  and  quantitative  analysis  of  the  pro- 
ducts of  the  burning  powder#  together  with  measurements 
of  maximum  pressures,  temperatures#  specific  heats  and 
tbs  amounts  of  heat  derived  from  the  combustion  of  powder 
in  the  closed  volume  of  a manometric  bonb.  Hence  the 
s&ximum  pressure  was  determined  as  a function  of  the 
"force*  off  powder  and  "density  of  loading*.  All  of 
this  work  was  largely  based  on  the  results  of  the  above 
mentioned  researches  of  Shishkov#  Bunzen  and  Fedorov. 

During  the  aeoend  half  of  the  XUth  century  new  dev- 
elopments in  the  Kinetic  Theories  of  Heat  and  Oases#  of 
Thermodynamics  and  General  chemistry  naturally  enough 
furnished  sufficient  material  for  a solid  scientific 
foundation  for  the  studies  of  tbs  burning  process  of 
powder  as  well  as  cf  tbs  conversion  of  the  energy  of 
powder  gases  inr.o  kinetic  energy  of  these  gases  and  of 
tbs  moving  projectile  in  the  bore  cf  a gun. 

t 

In  1864  2s sal  gave  a differential  equation  for  the 
balance  of  the  energy  derived  from  the  combustion  of  a 
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powder  'anfl’  the  energy  absorbed  by  the  whole  me chan  leal 

mvrm  ¥mm  a ++m*4>mA‘  VW  4*V  * we 

•rjlM  WWUA  M**SvVWM  Mjf  V MW  A aJTa^  » 

This  equation  was  utilized  by  Sarreau  in  1876  for  a 
derivation  of  his  popular  and  useful  formulae  used  in 
' thV  artillery  praetiee  of  almost  all  oountries.  in 
BhiSih  in  1898-1901  Prof.  A.  F.  Brynk  of  tbe  Artillery 
Aeedemy  and  Prof.  BT.  P.  Drosdov  of  the  same  Aoademy  hare 
introduced  their  own  formulae  in  plaoe  c t Sarreau’ a 
formulae. 


tv*;;: , a very  important  contribution  to  the  progress  cf 
Artillery  in  general  and  Ariilary  Science  in  particular 


has  been  made  by  tad  invention  of  smokeless  powder; 
pyroxylin  powder  in  Prance  by  Vie  lie  (1884),  nitrogly- 
cerine pewder  in  Xngland  by  Noble  and  Able  (1888), 
and  pyrocolloidal  powder  in  Bus&ia  by  Mendeleev  (1800). 

Having  perfected  a manometric  bomb  by  the  mechan- 


ism registering  the  pressure  as  a function  of  time, 

Vielle  has  definitely  established  a fundamental  d if fer- 


euus  between  the  instantaneous  explosion  of  the  black 
powder  and  the  rapid  but  gradual  and  regular  burning  of 
the  smokeless  colloidal  powders.  Thus  has  been  found 
the  very  important  technical  possibility  of  the  control 


of  the  process  of  gasification  by  \,he  use  of  ^grains-  of 


I 
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propellant  jwajpa  it  d in  the  fom  of  tubes  or  strips  with 
definite  sizes  of  their  geometrical  patterns. 

finally  after  a long  series  of  theoretical  ana  lab- 
oratory work  a new  type  of  a smokeless  oolloidal  powder 
with  pyroxylin,  base  wae  found.  Visile  personally  designed 
and  prepared  such  a powder  fcr  65  m/a  gun  and  all  experi- 
mental xeaults  perfectly  trifled  theoretical  calculations 
and  expfotationa. 

This  new  powder  turned  out  to  be  3 times  more  power- 
ful than  ordinary  black  powder,  and  produced  a much  higher 
muzzle  Telocity  at  a lowar  maximum  pressure. 

The  introduction  of  sookeiose  powder  done  i«w5tj.y  In- 
creased th*  effective  distance  of  firing  and  at  the  same 
> 

time  disposed  of  smoke  and  brought  in  many  narked  innova- 
tions in  tactics  on  the  battlefields. 

In  Euszia  the  experimental  preparation  and  testing 


of  the  french  pyroxylin  powder  began  in  1687  and  this 
powder  was  finally  admitted  into  artillery  service,  dis- 
regarding the  fact  thet  Mendeleev’s  pyrocolloidal  powder 
was  markedly  bettor.  Eut  personal  reasons  during  that 
period  were  as  a rule  mere  powerful  than  scientific  ones. 
*11  to©  merits  of  M^sSeljSv’R  powder  were  appreciated 
afterwards  by  the  TJ.S-.A.  government  and  this  powder  was 
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taken  into  Am ricsn  artillery  service.  Dur  ing  the  Great 
war  I in.  1914*18  this  powder  was  solo.  in  great  quantities 
.to  the,  Russian  Government. 

, Iran  though  the  technics  and  industry  in  ozariat 
Busslawereon  a lower  level  than  in  the  tea tarn  ooun tries 
nevertheless  tbs  Russian  t Us ore visa  1 bsl list! clans  not 
infra qusntly  wars  tar  in  adranoe  of  their  foreign  col- 
leagues and  played  leading  roles  in  the  progress  of  many 
scientific  achievements.  After  the  ahorenentioned  names 
of  Shlshkor,  Oorlor  and  Jedorov  it  will  not  be  s&lss  to 
note,  n few  more, 

J&  I37C  Profs  MOTT  P?  M.  Albitzky  published  the  first 
bourse  of  interior  Ballistics  in  Suss  is,  which  he  taught 
in  tbs  Buspian  Artillery  Academy. 

In  1879  a graduate  of  the  Artillery  Academy,  Colonel 
Ealakutaky,  published  his  experimental  and  v.h«oretical 
investigation  of  the  abnormal  pressures  in  small  rifled 
firesrsu®*  In  this  wo ?jl  he  took  into  account  the  propa- 
gation of  tha  wave  motion  of  gases.  Only  several  years 
afterwards  Visile  also  published  t similar  work  i»\  fiance. 

A direct  successor  ctf  Professor  Albitzky,  Proftssor 
v,  A.  pashkevich,  pttblishsa  In  iS85  - IBS!  two  hooka  - 
"Theoretical  Ballistics’*  srs  ,5Sxperiia0stal  Ballistics*. 


S0> 

* Mr 

Sh'ds'f  • beck?  **#?*  t?a?»3afcad  in  Inc  land  and  in  the  U.5.A. 
ftj;  ’*•;  Mnit  btibstsis iag  -=u=sis5'  ballis tie lane  of  the 
seoond  half  of  the  Nineteenth  Century  and  of  the  very  be- 
ginning at  the  Twentieth  Century  were  profeseore  cf  the 
Bus sian  Artillery  Academy  - N.  7.  Bayevsky  (1823-1858- 
1898)  end  hie  pupil  and  auoeesecr  N.  A;  Sabudsky  (1853- 
1800-1917')' • N,  7.  Bayevsky  is  of  world  wide  fame  aa  the 
originator  sf  the  scientific  2s  ter lor  Belli*  ties  but  hi* 
works  in  the  field  of  Interior  Ballietloa  were  no  leas 
famous. 

In  1856  long  before  Noble’s  experiments,  Bayevsky 
found  a waxy  original  method  of  measuring  the  pcwaer 
pressures  at  various  aeotions  of  the  gun  barrel  and  hie 
design  of  the  60  lb.  smooth  bore  gun  was  so  perfect  that 
this  gun,  in  competition  with  many  others,  showed  the 
beet  results. 

m 1867  Bayevsky  organized  special  experiments  deter- 
mining the  shot  travel  as  a ruction  of  time  and  then 
curves  cf  powder  pressure  as  functions  of  shot  travel  end 
time- were  oalcu bated.  Thin  work  became  of  great  impor- 
tance for  Interior  Ballistics  as  well  as  for  the  design 
sf  guas*  la  1878  Bayevsky  vas  elected  * correspondent- 
member  of  the  Bussian  Academy  of  Sciences. 
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of  Ills  tsaotti?  in  doIu  m rsusbs  is  of  Ballistics. 

In  *911  'tbs  French  Aoademy  of  Science  ole o t®d 
Xabudiky  as  a o arre spondsn t-menfo er  in  the  oheir  of 


llbchahics. . ' 

in  1904  JSabudskjr  finished  a prelim?  "ary  investiga- 
tion of  ttas  ponder  pressures  in  various  guns  and  proposed 
' •(' "WitiMar of  sap 5x16*1  fsrsulae  for  velocities  and 

maximum  pressures. 


In  1914  he  published  a monumental  experimental  work 
oh  the  determination  of  pressures  and  velocities  as  func- 
tions'air  projectile'  travel  for  the  3*  field  artillery 

^ t * iw-, v » w , { 

gun,  Hera  ha'  adopted  the  original  method  of  a gradually 
shortened  gun  barrel.  From  these  results  he  obtained 
?,S25£rl5!il  fbrffidlae  for  muzzle  velocities  and  maximum 
pressures  in  terms  of  loading  conditions  (posder  charge, 
weight  of  projectile,  chamber  capacity,  web  size  of  s 
powder).  ?his  work  with  its  extensive  experimental  mat- 
erial is  not  infrequently  cf  practical  value  even  at 


present, 

in  .185/2  iProfessor  of  the  lassie  Artillery  Academy, 
A.  f,  Brynk  began  hi  a coarse  of  Interior  Bailie ties  ^aich 
in  1»C0  was  published  in  its  final  form.  Professor  srynjs 


S-Stended  Sarrtau's  formulae  into  the  nem  province  of 
smokeless  pyroxylin  ponders,  Saving  accordingly  changed 
all  the  coefficients  and  exponents.  For  tbs  prssewr* 
curve  Professor  Brynk  proposed  hi a own  empirical  formula. 

At  that  time  this  course  mas  the  moat  complete,  and 
practicable  one  among  all  existing  course  cr  Interior 

' ' 4 * 

Bailie  ties  in  other  countries. 

4 * ‘ , \ 

In  1901  Professor  Brynk* a course  mat  translated  into 
German  and  by  the  request  of  the  U.  3.  Navy  Dept,  in  1902 
into  Xogliah. 

In  1903  S,  ?«  Brosdov  then  the  adjunct  of  the  Buseian 

,i  * - . 5?  : ts 

Artillery  Acado^y  gsvs  fa?  the  first  time  in  the  maria 
literature  at  the  subjeot  a complete  rigorous  integration 
of  the  aquations  of  the  basic  problem  of  Integer  Ballis- 
tics mithout  any  simplifying  assumptions,  facilitate  the 
integrsbisn  of  differential  equations  in  tnis  case,  Ibis 

memoirs  mas  published  in  th©  Eussian  Artillery  Journal = 

/ 

In  1910  ths  same  memoirs  in  a more  oomplete  and  developed 
form  me*  presented  by  n.  f.  Drosdov  as  his  dissertation 


for  the  professorahiij  of  the  Artillery  Academy. 

In  1920  Professor  Drosdov  published  special  ballistic 
babi»s  for  practical  solutions  of  noser cue  ha  ?i  i?t  it 


problems  a sad  especially  at  prbblsss  ia  ths  ballistic  de- 
sign cf  gum. 
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I.  P.  Grave#  adjunct  of  the  Artillery  Academy  in  1904, 
presented  his  dissertation  on  experimental  and  theoretioal 
investigations  of  the  rates  of  burning  of  powders  and  of 
dbsSrired  pressures  in  a closed  vessel.  This  work  was 
redeited  with  great  interest  and  was  published  in  Prance. 

In  1908  Oharbonnier  published  in  Tranoe  his  Interior 
Beilis  ties  in  two  parts  - •Pyrostatlos  and  Pyrodynaaios"  ; 
he  disagreed  with  Visile’s  geometrical  law  of  burning  and 
prodded  his  own  method  for  finding  the  laws  cf  the  proc- 
ess poider  burning  in  the  manomstrlc  bomb;  besides  this 
he  gave  a more  refined  treatment  of  the  problem  of  secon- 
dary losses  cf  gas  energy  during  the  firing  process,  and 
praaentad  a more  detailed  analysis  of  tbs  building  up  of 
ths  •shot-start-preesure*  corresponding  to  the  moment  of 
a oob|?  late  engraving  of  the  driving  band  at  the  beginning 
ef  the  rrojeetile  motion. 

Among  Oharbonnier’ s followers  cf  his  rather  theoret- 
ical trend  wa  must  mention  another  French  ballistician, 
Sugot,  with  his  course  of  Interior  Ballistics  published 
in  '1986.  As  a parallel  trend  but  of  a mors  experimental 
nature  we  have  works  cf  Gossot  and  Liouville  who  in  1920- 
1928  presented  so  lot  ions  or  Inferior  Ballistics  problems 
baaed  exclusively  on  experimental  firings. 
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In  Germany  Grant  was  the  outstanding  ballistician 

► • f • . . . 's 

of  tbs  beginning  of  tile  Twentieth  Century}  be  published 
his  3 to  lumas  of  the  Course  in  Ballisties  (Ixterior- 
I^.t®ricT-*3tperi»sntal)  in  1930-1926.  Grant  also  organized 
a special  Ballistic  Laboratory  at  the  Military  Technical 
Aoa&eay  in  Berlin?  he  was  also  a well  known  inventor  of 
many  special  apparatuses  and  instruments  for  bellistic 
research. 

Arong  the  Italian  authors  we  need  to  mention  Bienohi 
whose  solutions  of  Interior  Ballistics  problems  (1917) 
were  used  (with  certain  altera ticna  and  improvement a)  by 
Professor  Grave  in  his  course  of  lectureo  in  the  Artillery 
Academy. 

fully  appreciating  the  value  at  the  work  of  foreign 
scientists,  the  Russian  balliafcieians  cannot  disregard 
tbs  fact  of  the  ayatematioal  silence  about  their  work  on 
the  part  of  t\oir  foreign  colleagues,  for  example  - in 
tte  course  on  Interior  Ballistic  a published  in  1933  by  the 
french  balliatlciaa  Winter  he  says  that  the  frenoh  school 
of  Jteliiaticians  naturally  enough  occupies  the  first. place 
with  tha  Italian  school  occupyii^  second  place;  many  other 
British,  Gaf-aan  a»i  American  talliotioians  a ad  their  works 
are  mentioned  and  there  is  not  a single  word  about  the 
work  of  the  b&lliatieisns  of  the  Russian  School  of  Interior 
Ballistics. 
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1<:  -Buying  the  osariet  regime  Russian  Artillery  Scientists 
hi;ve  been  veil  known  abroad  for  their  successful  actlvi- 
tie#- In  the  Artillery  Science  in  general  and  in  Interior 
Bailisties  in  particular.  The  works  of  R.  V.  llayevsky, 
W.’’A.  Zabudsky,  A.  f.  Gadolin,  1628-1892,  V.  M.  Trofimov, 
W*  ?i  Droedor,  I.  F.  Grave  were  the  outstanding  contri- 
butions to  the  Artillery  Science  and  they  are  still  impor- 
tant and’  valued  among  the  experts  at  present.  All  these 
works  usually  were  published  in  the  Russian  oldest,  widely 
known  ^Artillery  Journal*  (founded  in  1808  and  continually 
efi sting  until  present  tine).  And  a still  wider  develop- 
ment’ of  the  Russian  Artillery  and  interior  Ballistics  has 
been  attained  immediately  after  the  Great  War  I under  the 
leadership  of  the  famous  Russian  Artillery  scientist  V.  U. 
Trofimov  (1864-1892-1926).  Among  other  outstanding 
Trofimov* s works  (most  published  also  in  France)  his  re- 
ports oh  the  "extra  distant  firing"  are  particularly  im- 
portant. Having  received  (1918)  information  concerning 
the  artillery  bombardment  of  Paris  by  Germans  at  the  dis- 
tance of  120  km.  Trcfimov  immediately  set  up  hie  problem  - 
"to  get  still  better  results"  and  in  1919  he  had  a detailed 
ballistic  solution  of  his  problem  of  a complete  control  of 
firiig  at  a distance  of  140  km.  The  next  stage  of  the 
problem  ^as  to  find  the  most  efficient  system  of  the  gun 
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wad  it*  ammunition  including  the  sort  and  dimensions  of 
the  meet  progressive  suitable  powder.  Thus  e Commission 
of  Special  Artillery  Experiments  (OOSARTK  or  in  Russian 
KOGJJPTOEQ  was  oxganized  under  the  chairmanship  of  Trofimov. 
Not  only  this  problem  of  tbs  "extra  distant  firing*  but 
many  other  important  problems  of  gas  dynamioa,  of  taotioo- 
teohnical  compromises,  of  the  automotive  artillery,  of 
mine  throwers  have  been  successfully  solved  under  the 
guidance  of  the  003ARTZX  and  a solid  foundation  was  laid 
for  the  oomplete  modernization  of  the  Red  Army  Artillery. 

Trofimov  eueoeeded  in  bringing  into  the  Commission 
0Q3AHTK  not  only  most  prominent  members  of  the  Chief 
Artillery  Committee  but  also  professors  of  the  Artillery 
Aoademy  and  a great  number  of  the  outstanding  Russian 
Civilian  Scientists. 

During  the  last  30  years  a new  generation  of  Soviet 
artillery  scientists  cams  to  life.  Thus  it  can  be  stated 
positively  that  in  the  U.3.3.R.  there  is  a solid  advanced 
scientific  school  cf  artillery  constructors,  ballisticians 
and  technologis ts  pursuing  their  own  independent  ways  in 
t'm  domain  of  artillery  sciences. 

In  1945  the  Aoademy  of  the  Artillery  Sciences  (MB) 
was  organized  as  the  highest  scientific  institution  wholly 
dedicated  to  dealing  exclusively  with  principal  artillery 
problems. 
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Thus  in  summing  up  the  fasts  cf  the  shore  outline  of 
tha  aetlvitiee  of  the  present  Buasian  Sonool  cf  Interior 
Bellas  ties  it  must  be  admitted  that  its  continually  in- 
creased personnel  burs  quite  successfully  handled  and 
solved  all  the  ourrent  problems  and  hare  biased  man y nee 
trails  in  the  progressive  development  of  interior 
bailie tics. 

This  school  has  been  gradually  built  up  by  V.  M. 
Trofimov  aid  by  the  two  other  scientists,  real 

oreatars  cf  many  future  generations  of  the  Buasian  bailie- 
tiolans  end  eenstruotcrss  one  arncx^  them  is  the  selemtlst 
Xmerltus  of  the  V,  3,  3.  B. , the  laureate  of  the  Stalin 
Premium,  member  of  the  presid  ium  of  the  JUS,  General 
oolenelha|;  the  Artillery*  N.  7,  Brooder vj  another  one  - is 
the  laureate  of  the  Stalin  Premium, 'emittor  of  the  JUS,  the 
professor  of  the  Artillery  Academy,  major-gene ral  of  the 
Ordmamge  Engineer lag  Corps,  I,  P.  Grare. 

vAs  it- was  stated  abors  Professor  N.  ?.  Brosdor  was 
the  first  ballistic  ian  in  the  world  who  gave  a rigorous 
mathematical  solution  of  the  basio  problem  of  the  Inter- 
ior Ballistics  without-  recourse  to  any  simplifying  assump- 
tions. Since  1911  Drosdov  has  been  the  professor  of  the 
Interior  Ballistics  in  ths  Navy  Academy. 
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Professor  Drosdov  i a tbs  author  of  many  works  among 
vhioh  are  of  a particular  interest  his  numerous  tables 
prepared  for  handy  manipulations  with  his  theoretical  re- 
sults in  the  praetice  of  the  Gun  Design  calculations,  in 
1947-1948  Drosdov  publisbsd  two  important  works  - one  on 
tbs  characteristics  of  the  "Optimum  Gun"  and  another  pre- 
sents a new  solution  of  the  problems  of  the  Interior  Bal- 
listics in  terns  of  the  relative  variables  for  both  - 
ordinary  and  composite  charges;  here  also  are  given  tables 
greatly  simplifying  all  the  calculation. 

Thus  Professor  Drcsdov  is  the  true  founder  of  the 
Russian  School  of  the  ballistic  design  of  guns,  having  al- 
ready to  its  credit  many  excellent  artillery  eys terns. 
Professor  I.P*  Grave,  since  1911  the  Professor  of 

Interior  Ballistics  of  the  Artillery  Aoademy,  is  the 

/ 

author  of  one  of  the  most  extensive  and  oonplete  treat- 
ments of  the  subjeot  in  the  world  literature,  oourse  of 
the  Interior  Beilis  tics  in  4 volumes  - "Pyrodynamios" 
(1632-1937)  and  "Pyrostatieo*  (1938);  here  an  exceptional 
bibliographical  material  is  presented  in  references  to 
Russian  and  foreign  souross  in  five  languages. 

In  1926  Professor  Grave  organized  a Ballistic  Labor- 
atory at  the  Artillezy  Academy.  Since  1938  and  especially 
during  the  years  of  the  Great  Patriotic  War  Professor  Grave 
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was  continually  engaged  in  series  of  the  most  important 
successful  researches  on  the  current  problems  of  the 
Interior  Ballistics.  We  will  mention  here  only  several 
among  the  outstanding  original  results  achieved  by  Russian 
ballis ticians  belonging  to  this  new  Russian  School  cf 
Interior  Ballistics.  Problems  of  the  composite  charges 
had  their  solutions  given  by  N.  F.  Drosdov,  V.  E.  Slukhot- 
sky,  I.  P.  Grave  analytically  as  well  as  by  naans  cf 
tables  in  1940-1942, 

The  first  analytical  solution  of  the  problem  of  "leak- 
ing guns"  (trenoh  mortar,  mine  thrower)  was  given  in  1940 
by  M.  B.  Serebryakov  and  X.  K.  Greten  and  with  more  de- 
tails by  G.  V.  Oppokov. 

All  the  methods  of  the  ballistic  design  of  guns  are 
presented  in  Russian  works  in  the  most  complete  and  ra- 
tional form. 

Specific  problems  of  the  "optimum  gin"  and  "minimum 
volume  gutf*  are  solved  by  the  Russian  ballisticians  using 
their  own  methods  with  results  which  are  more  perfect  econ- 
omically as  well  as  constructively,  than  the  results  of 
the  French  ballisticians , A new  method  of  the  ballistic 
analysis  cf  powders,  experimentally  determining  the  actual 
burning  process  with  additional  correct! cns,  which  were 
entirely  omitted  in  tbs  surlier  investigations  - has  been 


developed  in  1923-1937  by  ie.  S.  Serebryakov. 

for  the  first  time  in  1916  7.  m.  Tiifimov  has  applied 
the  method  of  the  numerical  integration  of  differential 
equation  of  the  Interior  Ballistics. 

Particularly  valuable  methods  cf  the  numerical  sol- 
utions of  the  Ballistic  problems  were  applied  by  the 
Professor  0>/7.  Oppokov.  fven  this  incomplete  list  of 
achievements  of  our  Russian  scientists  shows  convincingly 
th&i  the  Russian  Interior  Ballistics  Sohool  always  has 
been  and  is  at  present  on  the  solid  theoretical  basis 
being  developed  by  its  own  ways  and  means. 
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I - PHYSICAL  PONDAMENTALS  07  INTERIOR  BALLISTICS 


Section  I - Powder  as  the  Source  of  Energy. 

Chapter  1- 

1.1  General  Information. 

1.2  Type*  of  Smokeless  Powders. 

1.3  forms,  sizes,  brands  of  powder. 

✓ 

Chapter  2 - The  Prlnolpiil  Characteristics  of  Powder. 

2.1  Ohamioal  Characteristics  - Nitrogen  contents  - 

Percentage  of  -volatiles 

2.2  Physico-Chemical  Characteristics.  Amount  of 

W > delivered  by  / K£.  of 
burning  powder  when  cooled  to  15*0: 

water  vapor)  * Q^water  liquid)  ♦ 620  where 
n is  the  percentage  of  water  in  the  products  of 

Volume  cf  gasesW, Rafter  burning  of  1 kg.  cf 
powders  lM  vapor)  * Wj.  ( liquid ) ♦ 1240  where 
n is  the  percentage  of  water  vapor  in  gases. 
Temperature  Ti,  of  powder  gases  i«  the  absolute 
scale  (determined  from 
The  specific  heats  Gp  and  Cy  : 


On  - 


= AH 


Cw  - a * bT  (Mallard  aid  LaChatelier) 
hence;  €rjdT; a 7+  # T)  T~ 


- - frrmiMljL  vnr*  *1  oon  1q  w ct  #■»  3 -tf*  A ft 
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Table  1 


te  Molecular  Specific  Heats 


N*  jO* 


to* 

.... Ha  _ 

mmzm 

101 

6.96 

6.95 

8.04 

9.08 

500 

7.07 

7.02 

8.32 

10.34 

1000 

7.30 

7.15 

8.83 

11.33 

1500 

7.52 

7.38 

9.46 

11.92 

2000 

7.70 

7.56 

10.27 

12.29 

2500 

7.84 

7.70 

11.38 

12.55 

3000 

7.96 

7.83 

12.98 

12.74 

Density  of 

powder  P 

Table  2 


Characteristics  J 

. e*f. 

Amount  of  heat  kV.”}  ■ 

;U 

Volume  of  gases  \N%  j ^*r 


Pyroxylin 

Powder 


900-800 


900-970 


Nitroglycerine 

Powder 

1100-1200 

860-800 


Temperature  Ti  (K*)  2800-2500  3000-5500 

Percentage  of 

volatiles  2.0  - 7.0  0.5 

& 1.62-  1.56  1,62  - 1.56 


Powder  density 


Table  5 


Xisnemsky*  s forsiiul 


N< 

11 

12 

13 

14 

Wx 

978 

931 

882 

833 

Tx 

2155 

2456 

2750 

3096 

Wi  * 1515  - 48.72N j T«  « 273  + 34.7  K5/3 

Prof.  V.  Shakleyne’a  empirical  formulae  for  Ttx  and 

* .4 

Tx  -as  functions  of  the  ohemical  components  (in  %)  of  v.,e 
Bus  si  an  powders  taking  as  basio  values  (fa  ■ 730  j Wx  * 044 
and  Tx  * 2790  for  the  pyroxylin  powder  containing  H »11.8S&, 
and  using  the  following  notations  for  the  percentages  of 
various  components:  Nitrogen  - N;  Nitroglycerine  - nj 
Oentralite  - C;  Dibutylphthalate  - D j Vaseline  - V; 
Removable  volatiles  - hj  unremovable  volatiles  - hx; 
Diphenylamine  - Pj  Camphore  - E;  graphite  - o then  we 
will  have  these  formulae  as  follows: 

Qw  * 730  + 148.5  (N-11,8)  + 9.41  n - 28.5C  -24.3  D - 37.5V- 
-13. 6h-26 . 7hx-31.  OP-32 . 5K 

Wx  = 944-47 , 3 (N=ll » 8 ) -2 . 45n  + 14.00  + 12. OD  ♦ 23.0V  + 3.4h* 
+ 16.9hx  + 14.6P  + 17. 4K  + 10.00 

TxK*  - 2790*  + 375 (N-11,8)  + 22.0a-71.0C' - 59.00  - 1CC.CV- 
-54. 0h-82. oh1  - 80. OP  -92, OK  -125. OG 


® ® ^ m + A a a «f  Dnim4  AT*  f 

M|W«  gOAAAg  wiv  ww*wv  wv*  am  ¥^v»»  w.  ? 
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Powders 
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Pyroxylin 

770000-950000 

O.Sfcl.lO 

0.0000060- 

0.0000090 

Sitroglycerine 

900000-1200000 

0.75-0.85 

0.000007C- 

0.0000150 

dtookey 
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Dimensions  and  forms  cf  grains  ana  "specific  sur- 
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face"  « initial  surface  of  grain  * -t- 
’"”  TolufflB^™ / 

Density  of  loadings  4--^*  *&»*  , its 

\mlue  when  the  powder  fills  up  the  entire  volume  is 
oalled  "gravimetric  density*  which  is  a measure  of 
•compactness*  of  powder. 
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Chapter  i.  - Burn  is?  of  Powders. 

1.1  Manome trio  Bomb  (oonlo  crusher  of  Prof.  M. 

Serebryakov) 

1.8  Principal  phases  of  burning  (ignition,  tafias- 
mat ion,  burning  in  tbs  interior  of  the  grains} 

1.3  Burning  of  powder  tinder  atmospheric  pressure. 

1.4  Burning  at  a pressure  lower  than  atmospheric. 

‘ l.S  Burning  in  a raouum. 

1.6  Powder  burning  at  the  higher  pressures.  The 
rate  of  burning  is  greatly  affeoted  by  pressure.  This 
fact  has  lon^  been  known  but  only  Visits  experimentally 
investigated  the  relationship  between  the  pressure  and 
tbs  rate  at  burning.  It  is  also  interesting  to  note  that 
these  experiments  have  verified  and  firmly  established 
VieUe*s  hypothesis  cf  burning  by  parallel  layers. 

K&stan  found  from  hia  observations  of  incompletely 
burnt  grains  of  b la  ok  pcerder  thrown  out  of  the  gun  after 
fixing,  that  at  a density  at  ^ - 1.6 4 the  powder  burned 
without  any  fragmentary  residues;  at  IT  * 1.78  tho  frag- 
ments were  of  quite  irregular  shapes  and  only  at  1.81 
did  the  remaining  grains  display  a marled  similarity  be- 
tween their  final  form  and  their  initial  form  before 
burning. 
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Visile  arranged  special  experiments  with  similar 
grains  in  the  form  of  tablets  and  cylinders  of  different 
sizes  ax  and  as;  powder  having  these  grains  was  burned  at 
the  same  density  of  loading  and  maximum  pressures,  and 
their  times  of  the  complete  burning  tj.  and  t»  were  re- 
corded, At  a density  of  powder  of  1.64  or  lower  ti  and 
t*  were  practically  equal  even  when  a*  and  as  were 
markedly  different,  (see  fig.  9 where  shaded  areas  rep- 
resent ths  unburned  part  of  the  Initial  grain). 

At  & density  of  1,72  the  times  of  burning  were  in- 
creased but  not  in  proportion  to  the  increase  in  sizes  - 
this  result  corresponds  to  the  result  observed  by  Kaatan 
in  the  unbumed  grains  thrown  out  of  the  gun. 


Fig.  8,  Powder  Strip  burning  in  the  open  air. 
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Fig.  9 - Unburned  grains  of  powder. 

Fig.  9 Unburned  grains  of  blaok  powder. 

At  a density  of  1.80  an  ezaot  proportion 
^ * JjjjL  - Ai- 

wa s observed  and  at  this  density  of  powder  Eastan  observed 
the  similarity  of  geometrical  patterns  between  unburned 
gralhs  and  initial  grains. 

This  result  oan  be  obtained  only  if  burning  occurs 
by  parallel  layers. 

The  following  Table  6 aims  up  the  results  of  the 
aetual  firings  and  the  results  of  experiments  in  the 
manometric  boob . 


1 

3 1.73 

§ £>1.80 
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Firing  tests 

no  unburaea  grains 

unburaed  grains  of 
irregular  forma 

uabumed  grains  of 
regular  form 
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Sheoe  results  show  the  direct  dependence  of  time  of 
burning  on  density  of  powder.  Blaok  powder  is  a mechan- 
ical mixture  of  sulphur,  charcoal  and  potassium  nitrate 
and  the  lower  is  its  density  (the  smaller  compression  in 
the  press)  the  more  friable  is  the  mass  of  the  powder, 
and  the  time  of  burning  cannot  be  affected  by  the  size 
of  a grain,  which  is  easily  orumblad  even  by  a moderate 
pressure. 

At  a density  1.70  - 1.72  the  pores  of  the  powder 
mass  are  smaller  and  orumbling  can  be  produced  only  under 
higher  pressures.  Only  when  the  density  is  as  high  as 
1.89  - 1.82  is  a conpaot  mass  of  powder  not  crumbled  even 
by  high  pressures  hut  burns  regularly  in  parallel  layers. 

Thus  at  higher  pressures  a general  character  of  burn- 
ing, and  burning  rate  in  particular,  are  definite  results 
of  density  and,  still  mare,  of  pressure  - in  fact  an  in- 
creased rate  of  burning  is  produced  by  an  increased  pres- 
sure. Thus  Vielle’s  criterion  can  be  formulated  as  fol- 
lows: if  in  the  same  constant  volume,  with  the  same  den- 
sity  of  burning  two  powders  of  the  same  chemical  composi- 
tion with  grains  having  unequal  sizes  but  geometrically 
similar  forms  are  burned,  and  if  the  observed  times  of 
their  complete  burning  %%  and  t«  are  proportional  to  the 

sizes  of  fchsir  grains  ae  and  &%,  i.e.  if  t&  ® as,  than 

^7  ax 
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this  is  evidence  that  the  burning  process  in  this  case  is 
occurring  in  parallel  layers. 

1.7  Smokeless  powders.  The  experiments  in  the  mano- 
metrio  bomb  with  smokeless  powders  show  that  in  this  oass 
Visile’s  criterion  is  perfectly  satisfied  and  it  can  be 
safely  assumed  that  smokeless  powders  do  bum  in  parallel 
layers. 

Although  the  rate  of  burning  for  smokeless  powder  in 

the  open  air  is  considerably  lower  than  that  far  black 

* 

powder#  nevertheless  its  rate  of  burning  in  the  dosed 
volume  is  ?ery  high.  A total  duration  of  the  actual  fir- 
ing of  of  the  experiment  in  the  manometric  bomb  ia  of  the 
order  of  some  thousandths  of  a second. 
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strong  and  elastic,  thay  do  not  crumble  and  burn  in  par- 
allel layers. 

Those  unburned  strips  which  axe  found  after  the  ac- 
tual firings  are  always  of  a similar  shape  to  the  orig- 
inal strips  before  firing.  In  the  case  of  bumiig  within 
the  bore  of  a gun,  but  not  in  the  open  air,  the  strips 
of  powder  preserve  their  orig inal  parallelepiped  forms 
but  not  cf  pointed  prisms  as  is  observed  in  the  open  air. 
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This  .sharpening,  with  the  angle  whose  sine  is  the 

ratio  a , is  s result-  or  a cDspayatiTsly  small  difference 
ui 

(u>  - a),  but  in  a closed  volume  the  rate  c f inflammation 
u*  is  incomparably  higher  than  u because  this  inflammation 
is  caused  by  the  hot  gases  and  a high  enough  ignition 
pressure  - hence  the  strip  of  powder  burns  preserving  its 
shape,  its  surfaoe  becoming  slightly  rougher. 

If  a strip  of  smoke leas  powder  is  ignited  in  the  open 
air  it  burns  very  rapidly,  being  inflamed  over  all  its 
surface.  When  the  powder  charge  is  in  the  gun1 8 chamber 
or  in  the  manometrio  bomb  its  inflammation  is  produced  by 
the  ignitor  having  its  own  additional  charge  of  pyroxylin 
or  black  powder,  developing  at  once  large  amounts  of  hot 
gas  with  the  cuasifisrable  pressure  of  10-50  atm. 

Under  these  conditions  the  charge  is  at  once  inflamed 
almost  over  its  whole  surfaoe  and  the  further  burning  goes 
on  in  parallel  layers. 

from  his  experimental  results  Visile  established  hie 
laws  of  burning  of  smokeless  powders.  Sis  basic  assump- 
tion was  that  the  mass  of  powder  is  perfectly  homogeneous 
in  all  directions  and  that  all  grains  are  identical  in 
snap©  ana  size.  Then  the  following  principal  laws  are 
valid: 


51 


1,  The  inflammation  of  the  powder  in  the  closed  volume 
la  instantaneous, 

2.  The  prooess  of  burning  progresses  by  parallel  layers 
with  the  sans  rate  of  burning  over  the  whole  surface  at 
any  moment  of  time. 

The  total  amount  of  the  developed  gases  depends  on 
the  change  in  volume  of  the  burning  grains.  On  the  basis 
of  the  above  formulated  laws  it  is  possible  by  means  of 
purely  geometrical  considerations  to  find  the  relation- 
ship between  the  thickness  of  the  burned  layer  of  grain 
and  the  total  yolume  of  burned  powder  - this  relationship 
is  what  is  called  the  geometrical  law  of  burning  of  the 
powder. 

This  law  depicts  only  the  external  schematic  aspect 
of  the  entire  complex  burning  prooess  of  the  whole  powder 
charge,  which  is  composed  of  grains  or  elements  not  quite 
identical  in  size  or  shape,  Tor  example  - every  strip 
pressed  through  the  die  has  different  strength  along  its 
length  &vnd  breadth. 

Besides  this  the  inflammation  of  the  large  number  of 
grains  constituting  a powder  clarge  cannot  be  strictly 
simultaneous  and  insta  .caneous,  Sven  though  the  aotu&l 
process  of  the  burning  of  a powder  charge  differs  from 
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the  schematic  process  assume  cl  for  a separate  grain, 
nevertheless  the  geometrio  law  of  burning  lays  the  found- 
ation for  a comprehensive  evalua  tion  of  the  effect  pro- 
duced by  the  forms  on  the  development  at  pressure  within 
the  bore  af  a gun  and  sizes  of  the  grains. 

These  purely  geometric  faotors  turn  out  to  be  effec- 
tive means  which  oan  be  used  for  ohe  control  of  the  whole 
process  of  gas  formation  and  for  the  regulation  of  the 
basio  process  of  firing. 

In  reoent  researches  in  the  Twentieth  Century  the 
geometrio  law  of  burning  was  perfected  in  its  details  and 
was  further  developed  by  taking  into  acoount  those  faotors 
which  were  omitted  or  overlooked  in  the  earlier  work.  The 
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powder  of  a single  form  of  grain  (strip,  tube,  plate), 
later  on  newly  developed  powders  with  a mare  complex  form 
were  considered.  Amerioan  powders  with  3,  7 and  19  per- 
forations j Russian  grain  developed  by  Kisnemsky  with  36 
perforations}  phlegma sized  powder  with  nonhomogeceous  dis- 
tribution of  the  phlegmatlzer  within  the  mass  of  powder 
and  nitroglycerine  powders,  in  which  nitroglycerine 
powders,  in  which  nitroglycerins  is  unevenly  redistributed 
during  its  storage.  Certain  new  processes  of  surface 
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graphitization  ware  introduced  which  inhibited  the  process 
of  inflammation. 

All  these  new  factors  resulted  in  new  refinements  of 
our  practical  methods  and  new  corrections  to  our  theoret- 
ical scheme s. 

1.8  Theory  of  the  Burning  of  Powder.  In  1908 
Oharbonnier  in  his  "Interior  Ballistics"  brought  out  sev- 
eral critical  views  on  the  validity  of  the  basic  princi- 
ples of  the  geometric  law  of  burning.  A careful  inspec- 
tion of  thiok  strips  of  powder  thrown  out  of  the  gun  after 
firing  disclosed  that  many  of  them  had  burned  very  irreg- 
ularly} their  webs  were  markedly  different,  and  their  sur- 
faces had  Indentations  obviously  resulting  in  fragmenta- 
tions of  the  stripe  into  smaller  splinters  whioh  were  also 
found  in  sizable  quantities  at  the  front  cf  the  gun.  A 
oertain  degree  of  imperfection  in  the  manufacturing  proc- 
ess of  powder  of  course  can  be  taken  into  aooount,  but  the 
fact  remains  that  the  ballisticians  and  artillerists  by 
all  means  must  manipulate  with  r<«al  and  not  with  ideal 
powders  and  here  a question  arises  - is  it  justifiable  bo 
apply  oertain  theoretical  schemes  devised  for  a separate 
grain  (strip)  to  the  shole  powder  charge  consisting  of  a 
large  bunch  of  powder  strips  or  even  of  several  such 
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. buncliss?  Tbs  negative  answer  is  unavoidable  and  it  is 
easy  to  explain  the  necessajy  deviations  frotu  the  s lamen- 
ts ry  law  oontrolling  the  burning  of  one  isolated  grain. 

▲ basio  assumption  of  interior  ballistics  is  that  the  ig- 
nition of  the  whole  powder  oharge  is  instantaneous,  i*e. 
the  rats  of  spreading  of  the  flams  is  incomparably  great- 
er than  the  rate  of  burning.  This  veiy  assumption  is  not 
vtrifitd  for  open  air  burning,  and  there  oan  be  found  no 
valid  reason  far  assuming  that  under  the  high  pressures 
the  rats  of  spreading  of  a flams  can  be  incomparably  high- 
er than  the  rate  of  burning* 

It  is  more  plausible  that  the  first  bunch  of  strips 
nearest  to  tbs  igniter  will  be  inflamed  and  burned  ahead 
or  the  bunches  which  are  nearest  to  the  bass  of  ths  pro- 
jectile. 

The  first  flame  of  ignition  naturally  is  dir ec tod  in- 
to the  spaces  between  the  grains  and  an  orderly  orienta- 
tion of  all  grains  along  the  axis  of  a chamber  is  liable 
to  produce  a much  better  effect  of  increasing  the  rate  of 
ignition  than  the  disorderly  positions  of  all  the  grains 
poured  into  a chamber  in  a haphazard  *my- 

The  immediate  contacts  between  ths  grains  of  powder 
and  contacts  of  grains  with  the  metal  of  the  gun  may  re- 
sult in  certain  deviations  from  the  regularity  of  burning 
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by  parallel  layers. 

Charbonnisr  himself,  ha  Tins  stated  all  his  objections 
and  erltleal  remarks,  has  failed  to  produce  his  own  exper- 
imental result*  verifying  his  criticism.  But  these  items 
have  been  disoussed  and  investigated  by  otter  balliati- 
oians. 

More  detailed  investigations  were  made  by  M.  1. 
Serebryakov  (1924-1929)  who  introduced  the  use  of  a coni- 
cal crusher,  a very  sensitive  device  registering  as  lew  a 
pressure  as  5-7  kg/em.  (M.  2.  Serebryakov,  "The  Physical 
law  qf  turning  in  Interior  Ballistics^  (1937-1940). 

This  new  type  of  crusher  permitted  the  registering  of 
the  whole  ourve  of  pressure  from  the  very  beginning  until 
the  end  of  powder  burning.  On  the  other  hand,  H.  w. 
Serebryakov  has  works d out  a new  method  of  a more  minute 
analyeis  at  the  process  of  burning  attainable  by  a spec- 
ial analysis  of  the  experimental  ourve  of  the  pressure  in 
the  manometric  boob.  Thus  from  the  analysis  of  a series 
at  experiment*  M.  2,  Serebryakov  has  established  beyond 
a doubt  that  the  ignition  of  powder  is  not  instantaneous 
but  depends  on  the  gas  pressure  developed  by  the  igniter 
and  on  the  type  of  ignition. 

This  new  method  giving  a mere  descriptive  idea  of  the 
intecsiveness  of  the  gas  formation  process  has  established 
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not  only  a vhole  aerie  a of  deviations  from  the  * geometric 
law*  of  the  powder  burning  but  also  present sd  plausible 
explanations}  thus  showing  that  the  aotual  process  of 
burning  is  much  mere  con?) lex  than  the  assumption  of  the 
"geometric  law*  may  imply. 

It  was  found  that  the  mass  of  a powder  charge  is  not 
uniform  from  one  layer  to  another  and  that  the  rate  of 
burning  of  the  outer  layers  is  higher  than  the  rate  of 
burning  of  the  inner  layers.  Speoial  experiments  have 
definitely  established  that  the  character  of  burning  de- 
pends not  only  on  the  shape  of  a grain,  but  on  the  mutual 
positions  of  burning  surfaoss  of  grains.  The  o loser  these 
surfaces  are  to  eaeh  jther,  the  mare  vigorous  is  the  burn- 
ing. The  phlegmatizea  powders  have  bean  also  investigated 
and  there  were  found  oertain  peculiar  features  of  their 
burning  and  a speoial  method  was  devised  for  determining 
the  depth  of  phlegmatization  of  the  powder  mass. 

Tbe  powders  with  the  long  and  narrow  channels  showed 
special  peculiarities  in  their  burning,  and  thus  a spec- 
ial theory  of  a non-uniform  burni^  with  the  intensity 
varying  from  one  element  of  ptwder  charge  to  another  was 
established.  This  theory  disclosed  that  the  difference 
in  intensity  of  burning  inside  the  perforations  of  grains 
and  on  the  surfaces  of  grain  depends  largely  on  the  density 


of  loading  and  varies  during  the  firing  with  the  travel  of 
the  projectile. 

All  the  experimental  results  definitely  not  consistent 
with  the  "geometric  law"  of  burning  were  explained  by  cer- 
tain specific  propositions  of  the  physico-chemical  nature 
of  powders  or  by  certain  physical  character! sties  of  the 
powder  gas.  These  results  were  systematized  and  formula- 
ted comprehensively  as  the  "physical  law"  of  the  burning 
constituting  the  next  neoessary  development  of  the  pre- 
vious incomplete  and  approximate  "geometrical  law"  (details 
are  shewn  in  Seotion  III). 

Kuraour,  considering  the  process  of  powder  burning  in 
the  light  of  physical  chemistry,  came  to  the  following  con- 
clusions: 

1.  Powder  burns  because  the  newly  foxmed  molecules  of  gas 
by  their  bombardment  bring  its  temperature  up  to  the  tem- 
perature of  its  disintegration. 

2.  There  is  a "contact  layer"  of  gases  in  the  proximity 
of  the  powder  surface;  the  reactions  of  the  disintegra- 
tion are  not  yet  completed,  since  KO*  has  not  reacted  with 
GO  and  H»;  the  temperature  of  the  “contact  layer"  controls 
tfcs  rate  of  burning,  and  this  temperature  is  lower  than 
the  calculated  temperature  cf  explosion. 

3.  In  tie  outer  layers  of  gases,  all  the  reactions  are 
completed  and  these  layers  become  hotter  and  hotter* 
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4,  Contact  with  the  colder  walls  of  a manometric  bomb 
produces  a cooling  effect  on  the  gases,  and  their  temper- 
store  falls. 

Ifuraour  also  tried  to  take  into  account  the  effeot  of 
the  radiating  heat  of  the  powder  gases  on  the  heating  of 
the  powder  at  low  densities  of  loading. 

3inoe  1939  several  works  were  published  by  Russian 
scientists  on  the  mechanics  of  the  burning  process  in  ex- 
plosions: A.  I.  Belaysv,  D.  A.  Frank-Kamenetzky ; Prof, 
j.  B.  Zeldovioh. 

Prof.  Zeldovich  began  with  the  theory  of  volatile 
liquid  explosives  and  applied  his  results  to  the  theory 
of  burning  of  powders. 

This  "thermal  theory"  considers  the  burning  process  as 
a result  of  the  heating  of  the  powder  surface  up  to  the 
temperature  of  its  disintegration  or  transformation  into 
gases,  with  their  temperature  still  continuing  to  increase 
till  the  temperature  of  burning  is  reached. 

A burning  rate,  being  a function  of  the  gas  pressure, 
is  also  affected  by  the  temperature  of  powder  heated  by 
the  surrounding  mass  of  gases.  Certain  details  of  this 
theory  are  particularly  new  and  original  as  giving  a com- 
prehensive picture  of  the  operatic  distribute m of  ther- 
mal ener^  between  gasse  and  powder-  with  the  detailed 
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descriptions  of  the  following  active  factors;  the  initial 
temperature  of  the  disintegration  of  gases.*  specific  heat 
and  thermal  conductivity  of  powder.  This  theory  is  not 
completed  yet  but  is  of  considerable  scientific  interest 
because  cf  its  detailed  and  scientific  account  of  the 
process  of  the  turning  of  powder* 

1.9  The  modern  theory  cf  the  burning  of  powder  (After 
J.  B.  Zeldo7ioh) 

The  following  is  a general  picture  of  the  powder  burn- 
ing process:  as  soon  as  the  outer  layer  of  the  nitrocell- 
ulose is  decomposed,  the  u ss  a result  the  process  cf  gas- 
ification begins  over  the  surface  of  the  powder  - products 
of  gasification  react  in  their  gaseous  phases  having  a 
very  rapidly  rising  temperature . However,  the  surface 
temperature,  b^ing  the  temperature  of  the  initial  decompo- 
sition of  the  nitrocellulose,  remains  considerably  lower. 

The  distribution  of  temperatures  Is  schematically 
shewn-  on  Fig.  10. 

T0  - temperature  inside  of  powder 

Tn  - temperature  of  powder  on  the  surface 

Tr  - temperature  of  gases 

Shaded  areas  show  the  zones  affeoted  by  the  chemical 
reactions;  zone  1 - gaaif i cation  (in  powder)  and  zone  S - 
reaction  cf  burning  (outside  of  pc«fder)»  The  burning 
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eurfaot  of  powder  has  a heating  layer  with  its  thickness 
Zr  depending  on  the  temperatural  conductivity  (temperature 
coefficient)  and  rate  of  burning.  Within  the  partial 
thiokness  X,,  CO  0.05  Zt  the  actual  reaction  c C gasifi- 
cation goea  on. 

One  of  the  principal  problems  of  this  theory  is  the 
establishment  of  the  functional  relationship  between  the 
rate  of  burning  and  the  kinetios  of  the  chemical  reaotion. 

An  essential  importance  must  be  asoribed  to  the  heat- 
ing through  the  layer  Xr  not  only  beoause  this  heating' 
shows  the  connection  between  the  burning  rate  and  the 
kinetios  of  gasification  but  also  because  here  other  prob- 
lems also  are  involved;  for  instance  - the  problem  of  the 
inflammation,  the  problem  of  unstable  burning,  etc. 

From  the  experiment  made  by  0.  J.  leypounski  and  Mrs. 
7.  ir,  Aristov  with  the  burning  powders  at  the  open  air  we 
have; 

Tn  * 25E  + 480*  =*  525  + 480*  - for  pyroxylin  powder 
Tn  = 330  + 450*  = 603  + 450*  - for  nitroglycerine  powder 

Table  7 gives  the  physical  characteristics  of  powders 
in  the  experiments  uf  0.  Leypounski. 
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Table  7 

Thermal 

Specific  Temperature  conduct- 
beat  Coefficient  ivity 

Powder » cal./an.*C  om«/aec.  cal,  cm/ sec 

Pyroxylin  0.29  1.2  X IQ'3  5.5  X 10~4 

Hltroglyoerine  0.34  0.87  X 10~3  4.8  X lO**4 


F3gs  10  The  distribution  of  temperatures  av  the 


Hate  of 
burning  at 
p«i  atm. 
t m/m  aeo, 

0.51 

0.45 


burning 


of  posder 
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Chapter  2, - The  Characteristic  Equation  afjyg  Powder  &asea. 

(Relationship  between  the  pressure  and  loading 
eonditicas). 

2*1  Powder  gases  developed  under  the  high  temperature 
and  high  pressure  in  a closed  vessel  are  the  subject  of 
the  general  laws  of  physics  and  thermodynamics  and  they 
have  as  all  other  gases  their  characteristic  equation  ex- 
preesing  the  form  of  the  relationship  between  pressure, 
temperature  and  specific  volume. 

Glapeyron’s  equation* 

(ideal  gases  or  rarefied) 


Van  der  Waal’s  equations  (/>+  &)(*-&)*  %T  Wf 

9Z:  f>(W-6)*  [%T 


For 


of  pcerder  burning  in  a volume  W0  at  Tx  K9 : 

/>  (g-V=  n 


or: 


*frr, 


2.8  Formula  for  the  maximum  pressure. 

Empirical  formula  of  Noble  and  Abel  % j)~ 

■ ■ -(z') 


from  (1)  ani  (3* ) s 

Sine*  is 


and  <X.« 


is  the  work  done  by  the  gas  at 


£s  /ai'm  s /©$3  /^n**hQ]i  its  temperature  is  raised  1®, 
is  tns  work  of  • of  powder  gas  when  heated  at 

Tj.*  under  a constant  pressure  , 

from  {$).;  ^ or:  y a UJC,  • • 


. . . v . /vp 

i.e.  ■ • •y'  is  a linear  funotion  of 
for  pyroxylin  powder:  ^ * 900000 j <*  » 1 

nitroglycerine  powder:,  /*  1050000;  oC  a 0.8 
blaok  powder:  /*  SSCOOOj  * 0.5 

8,15  Determination  of  f and  ©(.  for  a given  powder. 
Having  results  of  two  experiments  in  manometric  bomb  at  /& 
with  A,  and  at  fa  with  we  can  find  oC  and  y* 
for  a given  powder > from  the  equation  (3)  written  for 


these  experiments : 


OC  *3 


Li. 

a--? 


e.  h,  & . -±£± 

I A Ax,  fa, 


r r< 

*r:fs  “X 


*/-  = §- a4 
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2.4  The  experimental  errors  in  fa  and  fa  af footing 
tbs  calculated  values  of  OC  and  j-  . 

Srrors  in  / : 

Denoting  #y»  , and  4%  tbs  absolute  errors  in  fa  ' 
caused  by  tbs  errors  in  fa  and  fa  respectively  we  have 
from  15)  i differentiating  with  respect  toh: 

***%;*& Txfo'V' 

and  differentiating  with  reapeet  to  fa; 

d&p--**  (*->*• ; ted 

Hence  the  relative  errors  in  fa  will  be; 

H.  a A 

T “TF  T,  ■*'•<») 

Far  pyroxylin  powders;  A,*  0.15;  Ax  * 0.26 

Tz'^'^  " • (B| 

For  nitroglycerins  pcwders;  A,  « 0.12}  ^ * 0.20-0.22 
Xrrops  in  CC  ; 

Differentiating  (4)  with  respect  to  fa  and  fa  we 

will  have;  JcC,* 

' * • ‘ • (9) 

and  . . -Jl 

&-A  X * * * (10) 


from  (7)  and  (§); 


T z ~ * ' 


a 


and; 


( 12) 
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2.5  Powder  pressure  lower  than  jb  . At  any  moment 
when  a fraction^  .4?)  of  the  initial  weight  of  charge 6)**. 
is  burned  we  hare  the  residual  volume  of  bomb  Vfy  in- 
.t.«a  ofV<  : 

and  then  the  equation  of  the  gaeeoue  state  will  bet 


henoe: 


b Ji 


This  is  a general  formula  of  Pyrostatics  which  at  1 
8lT"‘ 


At  the  beginning  of  burning (♦*<*)•*  V£* 
at  the  end  of  burning  Wt  * <* 4> 

Since  for  the  pyroxylin  and  nitroglycerins  powders 
OC*  1.0  - 0.8}  / * 1.6,  yc  * 0,685  we  hare; 

H*>w +>wt 

8.6  The  inverse  relationship;  ^ as  a function 
of  p . Prom  (13)  we  have; 

fe  i - t - ICii  H.  .. 

■£*«  - T T jjW 

or  substituting  ^ from  (2); 


* (16) 


e 

F* 


TTJ-ZjT^Ejjp: 


H»r»i  = 

/*T  *4  •*(•/-  fj 


At  Ato.AS;  *xl:  A At : ~2  = <5./3 


t.7  Evaluation  of  the  effeot  of  the  Igniter.  In  using 
the  general  formula  of  pyroe taties  (14)  we  my  neglect  the 
value  of  the  atmoapherio  pressure  inside  the  bomb,  but 
since  the  time  of  Nobel's  experiments  the  ignition  of  the 
powder  has  been  produced  by  a small  separate  oharge  of  the 
black  powder  and  the  additional  weight  of  the  igniter  was 
inoluded  in  the  total  weight  cf  powder  charge.  At  present 
in  the  experiments  with  the  bomb  or  in  actual  firing  with 
the  smokeless  powder  the  igniter  used  is  prepared  from 
black  or  pyroxylin  powder.  Thus  at  the  beginning  we  have 
a certain  initial  powder  pressure  and  a certain  mass  of 
hot  gases,  produced  by  the  igniter.  The  actual  burning 
cf  the  powder  charge  starts  at  a certain  pressure 
developed  by  the  igniter. 

Let  us  denote;  the  weight  of  the  charge  of  the  ig- 
niter j force  of  the  igniter  ; covolume  of  the 
igniter  gL^  and  the  preliminary  pressure  of  the 
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igniter  . Applying  Noble’s  formula  to  the  process 

nn  /»!*.  w'm  h«TA  * b?  1-  ftfr  w 

r»  w0-  y-S  <*v  w !-J 


. A <W* 

h,r* 


and  0(j4^ 


are  negligible. 


for  any  intermediate  moment  the  formula  (13)  will  be: 

■U.  f»*»  ♦ /'«>' 


. > ,.K,-y  -♦‘•xw*v4 

again  neglecting  we  will  have: 

.&*$*#>*  ^ JiUk+b 

If  y*  > 

. &i 

Here  is  the  gas  pressure  calculated  with- 

out taking  into  account  the  effect  cf  ignition;  a de- 
creasing Talus  of  Wp  will  increase  the  total  pressure^. 
At  the  end  of  burning  the  total. maximum  pressure  will  be: 

i> - j pgir*??'  _ , £sl  -h',  b 

•m  iij- OiQJ  M hj*c(w  * M£-OUtf  *^1*1 

•9  /-ocA  fn*  /-or  a 


the  gas  pressure  calculated  with- 


will  be: 


here 


Sinoe 


/r-<*A  < /—  ^ we  have  />!>/>* 


h ^ o. 

-lor  smokeless  pcwder  the  ratio  -7 — r*  . , 

■ / ^ < Aoo 


Hence 


’ y 
<8 


4 c\>/-  //o  • 
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This  result  shows  that  with  a sufficient  accuracy  we 
can  assume  ,that  an  additional  pressure  provided  by  the 
igniter  oan  be  considered  as  constant > while  the  actual 
value  of  this  additional  pressure  is  always  found  to  be 
between  80  kg/cm*  and  50  kg/esn*  and  even  in  exceptional 
oases  never  higher  than  100  kg/cm*.  * 


Thus  we  have  as  a final  estioa 


and  our  formulae  taking  into  acoount  the  pressure  devel- 
oped by  the  igniter , will  be:  ^ 

Maximum  pressure:  |£r  •** 

, £ 

Igniter  pressure:  P ~ " ST' 

<b  Wr« 


Intermediate  pressure : p + 


l*  b , hit. 

* ta  W-  f-  oj(h 


From  the  last  equation:  f 

— 


Here  pressures  yP  and  /)'  are  actual  pressures  reg- 
istered by  means  of  crusher  or  by  any  other  instrument, 
and  ^ ~ ^2T  0 Since  the  last  formula  is  some- 

what uawieldy,  special  tables  are  prepared  in  order  to 
simplify  the  calculations  of  series  cf  value  s.  In 


W — 
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is  a constant  for  a given  ex- 


these  tables  (see  appendix  1}  the  expression  for  ^ can 

< 

be  brought  to  such  a fora  in  which  ^ will  be  a function 

r\  /«4(4 

of  a constant  parameter  ds  ->-r  ■ and  a 

/~  T /J  a 

certain  ratio  of  pressures:  n "p'j^ 

Here:  fa  is  a constant  for  a given  ex- 

periment! is  any  pressure  picked  up  from  the  pressure 
ourve  for  which  we  want  to  find  its  corresponding  value 
of  ^ . A needed  transformation  of  ^ is  as  follows: 

j, / P'~&  _ (ttt) 


fFvji' 


Here:  ft  varies  from  0 to  If  *d  varies  from  0.86  to  1. 
The  tables  are  arranged  like  four  figure  logarithmic 
tables  fat*  each  0.001,  and  interpolated  for  the  4th 
figure. 

?rcto  the  series  of  calculated  we  can  calculate 

fdi>) 

also  the  curve  of  \Jgj- J or  the  rate  of  gasification. 
This  rate  is  one  erf  important  characteristics  which  con- 
trols  the  inflow  of  gases,  i,e,  ths  proceas  of  the  build 
of  pressures. 
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Chapter  3 - Ivaluation  of  the  amount  of  heat  transmitted 
through  the  mails  of  the  manometrlc  bomb. 

5.1  During  the  burning  of  powder  in  tbs  bomb,  a cer- 
tain amount  of  heat  is  lost  by  heating  the  walls  of  tbs 
bomb.  As  a result  the  actual  pressure  beocmes  somewhat 
lower  than  the  theoretioal  maximum  pressure,  expected  under 
the  assumption  that  the  total  amount  of  heat  derived  from 
the  powder  gases  has  been  utilized  for  the  building  up  of 
gas  pressure. 

This  sort  of  heat  loss  depends  on  the  joint  influences 
of  several  loading  conditions.  As  early  as  1895-96  the 
experiment a of  Prof,  3.  Voukoloff  in  the  Russian  Navy  Lab- 
oratory showed  at  A * 0.20  a marked  difference  of  about 
+ in  the  maximum  pressures  observed  in  a bomb  with  an 
insulated  inner  surface  (a  layer  of  mica)  as  compared  with 
the  maximum  pressure  in  an  ordinary  bomb.  Any  error  made 
in  the  value  of  the  maximum  pressure  />  will  affect 

'm 

the  obtained  value  of  ’•force"  / and  covolume  OC  . 

At  a pressure  higher  than  1000  kb/cm8  Nobel’s  formula 
gives  quite  satisfactory  results}  at  lower  pressures  with 
£<0.10  our  strait t line 
becomss  a hyperbolic  line. 

Here  recent-  and  detailed  experiments  of  the  docent 
A.  J.  Xokhanov  in  1933  with  the  densities  of  loading  vary- 
ing from  O.Gl'i  up  to  0.200  proved  *-hat  a real  relationship 


walls  of  a bomb,  ws  will  have  lower  value s of  f for*  the 
powders  having  a larger  web.  This  result  can  be  foreseen 
a priori  beoause  a powder  with  a larger  web  will  bum  more 
slowly  and  the  result  will  be  affected  by  the  walls  of 
the  bomb  for  a larger  period  of  time,  hence  the  heat  loss 
will  be  greater. 

If  in  these  experiments  we  use  two  bombs  of  different 
Inner  volumes  with  the  same  powder  at  the  same  A * then 
in  tbs  larger  bomb  the  weight  of  powder  referred  to  the 
unit  of  surface  will  be  smaller  and  heat  losses  will  be 
less  than  in  the  smaller  bonfc  - hence  the  obtained  a 
will  be  higher  in  the  larger  bomb. 

Several  experimental  investigation s were  made  of  this 
type  of  beat  loss  in  the  manometrio  bomb.  All  these 
attempts  are  not  yet  considered  as  final  or  completely 
satisfactory.  As  one  of  the  most  oustanding  investiga-. 
tlons  of  this  hind  we  will  mention  the  work  of  Muraour 


(1986-27) . 

According  to  SSuraeur  the  total  loss  of  heat  trans- 
mitted to  walla  cf  the  bomb  is  proportional  to  the  number 
of  impacts  cf  gas  molecules  against  the  inner  surface  of 
Ttpa  bomb  ( $t)  } to  the  gas  pressure  p and  to  the 

time  t.  Whan  tbs  pressure  is  variable,  we  consider  l&dt 
which  is  independent  of  A . 
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Hence,  the  loss  of  heat  through  the  walls  of  the  bomb 
4^  will  be  constant  for  every  £U  and  A . This  con- 
clusion was  verified  by  Uuraour's  experiments  made  at 
various  A . 

Since  the  total  amount  of  heat  is  proportional  to  CO 
the  relative  loss  will  be  inversely  proportional 

to  CO  end  finally  “jp*  will  be  proportional  to  9JT* 
It  is  neoessajy  to  note  that  ffrdt should  not  be 
alfeoted  by  the  oooling  effect  of  the  walls  of  a bomb, 

Ahy  drop  in  pressure  say  at  n%  will  increase  the  time  of 
burning;  time  the  curve  p as  a function  of  tf  -a  t will  be 


Jfa- 


somewhat  def orated  but  the  whole  area  IMfa ill  not  be 
altered.  This  result  was  wholly  confirmed  by  our  exper- 
iments with  bombs  of  various  volumes.  Henoe  a very  im- 
portant result  follows,  namely;  the  rate  of  burning  lAt 
referred  to  unit  pressure  can  be  calculated  from 


U .*  Ah 


and  this  value  can  be  determined  with  the  same  degree  of 
aocuracy  in  larger  and,  in  smaller  bombs  without  any 
account  of  heat  losses  through  the  walls  of  bombs. 

3.2  Xxperiae.ntal  investigations  of  Muraour.  The 
volume  cf  his  baab  was  150  cm*,  and  4 = 0.20.  One 
powder  oharge  was  burned  in  the  bomb  under  normal  condi- 
tions, and  another  charge  of  tha  same  weight  was  burned 
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in  a special  pan  with  pins  preventing  its  immediate  con- 
tact withth?;  inner  surface  of  a bomb  - as  is  shown  on 
Tig.  17  (p.  76  - book). 

In  the  f irst  experiment  the  effective  surface  was 
■ Si  and  the  observed  pressure  px;  in  the  second  ex- 
periment the  effective  surface  was  Os  = where 

Sjf  is  the  surfaoe  of  the  pan  and  the  observed  pressure 
Pe  { Px.  The.  difference  in  pressures 
was  ascribed  to  the  action  of  the  difference  in  surfaoe 


5f*  - 3x  * Sp. 

In  order  to  evaluate  the  pressure  expected  to  be 

found  in  the  absence  of  ooolii^  we  need  to  evaluate  the 

additional  pressure  AP'  which  is  due  to  the  increase  of 

APf  5/ 

the  surface  from  S*  to  S#  so  we  writes  — •:?  — 
hence i 


Thus  we  have  an  uncorrected  pressure  ( f>t+ 

and  the  relative  correction  in 

These  experiments  with  many  pcwders  differing  in 
their  compositions  and  sizes  of  webs  at  A * 0.20 


(losses  in  ) and  durations  of  the 


have  established  an  important  functional  relationship  be- 
tween (losses  in  £ ) and  durations  of  the 

**» 

burning  process.  The  value  cf  in  ttese  experiments 

wasJ  7,774  fJ-79  ^ 


1 


In  all  these  experiments  cylindrical  crushers  were 
used  and  a very  strong  igniter  made  of  black  powder  with 
its  additional  pressure  of  250  kg/cm*  and  results  were  in- 
corporated into  "curve  0*  of  y4  as  a 


as  a 


function  of  the  time  of  burning  tk  in  mill. -sec.  (See 
fig.  18)  Page  76  (book). 

The  use  of  this  curve  is  as  follows:  the  powder  to  be 
tested  first  goes  through  the  experiment  at  A • 0.20  and 
burning  time  t^  ia  determined;  then  for  this  t^  on  the 
"curve  0"  we  find  ~ ^ 


Under  other  conditions  (another  boeb  and  A ) 

it?  -25.  .07) 


Hera  Q#  depends  on  thickness  (web)  of  powder  and  its  com- 
position; ^ is  a relative  surface  <f  bomb  * 

s~*gr£- 


The  chamber  of  the  bomb  is  « cylinder  with  d as  its  dia* 


meter  and  2c  its  length.  fpi«) 


&b  « surface  of  the  chamber  » / 

V * * 

W0  = volume  of  chamber  - 
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fecpoila  (17)  shows  that  the  heat  losses  are  particular- 
ly significant  at  the  decreased  value  of  ^ 


Fig.  17  - Manometric  bomb  used  by  Muraour 


Fig*  18  - cC~curvett 


function  of  tjj  in  Ed.ll, 
(as  given  by  Muraour) 


390. 
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In  the  Buss lan  experiments  conical  crushers  are  used  and 
the  pressure  is  only  as  high  as  100-120 
(instead  of  250  i 

In  order  to  make  Muraour’s  results  applicable  to  our 
experiments  with  the  pyroxylin  ponders  the  following 
Table  8 was  prepared  for  the  corrected  values  of  On  . 
for  the  value  of  t ^ the  following  formula  was  used: 


here: 


Table  8 (p.  77  - book) 

fable  for  Qk  for  the  pyroxylin  powders  with 

a constant  surface  of  burning. 
* 

matized 


web  * w 0.3Q  0, 

in  m/m 

.30  0.40 

1.00 

2.00 

4.00 

rate  of  burning 

^ J. 

U*/Or&xg;*  . go 

70  80 

75 

72 

62 

Coefficient  1220 

950  813 

305 

146 

69 

Time  of  burning  t^  in  mill. sec. 

at  4 — 0.20, 

p#  = 250  : 1.76 

2.26  2.64 

7.00 

14,60 

31,0 

Coefficient  (tyfi:  1.5 

2.0  2.6 

4.0 

5.0 

6.1 
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Here  is  shown  the  whole  procedure  of  finding  the  cor- 
rections in  f and  in  OC  due  to  heat  losses  through  the 
walls  of  a bomb.  Our  boob  has  volume  * 78.5  cm1  ; two 
densities  of  loading  were  used;  0,15  and  ~ 0,25. 

Thickness  of  pcwder  2fl>  =1  m/m.  The  corresponding  max- 
imum'pressures  were  b * 1435  kg/cm  and  fi  =.27<5C  kb/cm: 


. fit*  tm, 

Calculate; 


1325; 


Sl 

V* 


/TWl 

* 9570; 


1.30;  Table  8;  Cjj  = 4.0 
11040; 


“a c 


1450 


formula  (4);  - j£~  ~ 

£ - /?  755?  ‘ ' 7 

formula  (6);  ^ a & - « ft  * ?<>*ooo 

jSf  t C fX 


formula  (17) ; -j-' • * A ‘ 777^  2 

« *»«  &>&.?**•  M l 

PM‘  — loooo  ; &hi 


Thus 


A,  ' ^ -da 


/s^c? 

hj  ' 
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OUoorreotea)  - X|||  = 1<004  ^ 1>0  <*** 

/{corrected}  » lOOOOOO  “ 1.004 (14 99).  100  = 1000000  - 
150000  * 850000 


Thus  in  the  final  result  by  the  use  of  corrections  we 
increased  f from  800,000  to  85o,000  i.e.  abcu t 6.25%  and 
decreased  CL  fro©  1.096  to  1.000  i.e.  about  9.6%. 

In  experiments  with  another  bomb  having  its  volume  1£t 
* 25.25  cm*.,  the  same  powder  at  the  same  densities  cf 
loading  gLvea  ua  P » 1405  kg/om2,  and  p = 2725  kg/cm*. 

For  this  bonfe  * 1.89  cm*/cm«  and  f » 774000; 

04  * 1.160 

Then  our  corrections  will  be:  AP=  95  and  * 110 

l/Hl  *<•*«. 

and  the  corrected  value  of  f * 850,000;  and  of  c<  » 1000 
th«  same  as  before  but  the  corrections  themselves  are 
larger,  i.e.  a smaller  bomb  gives  a smaller  value  cf  f 
and  a larger  . 

Eokbanov*3  experiments  with  the  lew  and  powders 

with  large  webs  showed  the  needs  of  very  large  corrections 
but  the  introduction  of  the  above  shown  corrections  trans- 
forms a hyperbolic  curves  of  Eokhanov  (Fig,  16)  into  a 
straight  line. 

<&& 

Tabis  S was  calculated  for  values  of  yv^  and  for 
various  byplo&l  dimensions  of  the  nanometrie  bombs. 
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Table  9 

Krupp‘s  bomb 

W0ca*s  SI.  80 

2S.25 

78.5  120 

146.5 

216  3320 

2.2 

A A 

3.0 

4.4  4.4 

3.0 

4.4  8.0 

If:  2.17 

1.89 

1.30  1.18 

1.48 

1.05  0.53 

0,279 

0.243 

0.1673  0.184 

0.1495 

0.135  0.0682 

Since  tfc,  the  tine  of  the  oomplete  burning  of  powder, 
is  in  direct  proportion  to  If  If**  or  the  total  impulse 
of  pressure,  it  ia  possible  to  calculate  "curve  C"  as  a 
function  of  IK  i.e.  independently  of  A . This  work 
was  done  by  Mrs,  14.  Z,  Samarin  in  the  Artillery  Scientific 
Besearch  Naval  Institute  (ASRNI)  in  1938.  The  pressures 
were  registered  by  the  use  cf  conical  crushers.  She  re- 
peated the  experiments  with  the  use  of  an  additional  pan 
for  the  powder  charges.  The  pressures  were  registered  by 
the  use  of  conical  crushers.  The  obtained  curve  C 
(called  "C-Curve")  as  a function  of  JK  , is  given  on 
Big.  19. 
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Fig.  19.-  Curve  0,  a oharaoteristic  of  the  heat  l oss 
through  the  walls  of  gun. 


R 
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Chapter  4 - The  Law  of  Gas  Formation  (Gasification) 

4.1  Definition.  The  study  of  gasification  under  sim- 
plified conditions  within  a constant  volume  makes  possible 
the  further  development  of  the  results  obtained  as  modi- 
fied for  the  mare  complicated  conditions  existing  within 

a variable  volume  at  firing. 

The  general  formula,  of  pyrostatice: 

. - fc»>4>  . 

r*  ~~W 

shows  that  at  given  loading  c OH-  itions  ( ^rfy  i>  r - 9 w ^ ) 
the  pressure  is  determined  by  the  value  ^ of  the  burned 
pert  of  the  powder , where  is  the  weight  of  gases  and 
ft*  is  the  amount  of  energy  of  these  gases.  Since  the 
value  W+  varies  in  the  manometrio  boosb  only  slightly,  we 
oan  assume  that  at  given  f and  A the  pressure  is  nearly 
proportional  to  ^ , and  consequently  the  general  charac- 
ter of  the  building  up  of  the  pressure  with  time  or  ($) 
is  largely  determined  by  the  variation  with  time  of  jr 

cLt  ** 

The  variable  (gp)  is  called  the  velocity  of  gas  for- 
mation or  the  *volumetric  velocity  of  burning-.  We  need 
a more  detailed  analysis  of  this  variable. 

4.2  The  Velocity  of  Gas  Formation.  Let  us  derive 

(f 

a formula  for  interms  of  factors  determining  the 
mode  of  burning  of  powder  by  parallel  layers.  4 given 
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grajin  ctf  powder,  having  initial  volume  A|  and  surface 
3i  is  supposed  to  be  burned  in  oonoentrio  layers  with  the 
same  rate  oif  burning  in  all  directions.  At  a certain 
moment  of  time , . the  grain  will  have  a surface  3 and  vol- 
ume . A (see  7ig.  20).  We  suppose  that  in  the  time  in- 
terval dt,  the  thiolcness  of  the  burning  layer  will  be  da, 

then  the  burned  element  of  volume  will  be  d A#  = Sde. 

v 


hence 


ewiA  « 

“S'!?  9 


$dt 


, A,. | 

<s 

1 i\*  r *•; 


Fig.  20  Schematic  view  of  burning  by  parallel  layers 


Differentiating  this  equation  with  reape ct  to  tine  we  will 


have: 


S . itt  = sb.f  u 

TET  At  Ai  *• 


Here 


- initial  speoifie  surface  (or  the  initial 


denudation*  of  a grain)  related  to  the  unit  of  initial 
volume  and  depending  on  the  Shape  and  dimensions  of  the 


grain. 


rslative  surface  of  a grain  varies  with  burning 


and  depends  only  on  the  shape  of  the  grain  and  the  rela- 
tive thickness  of  its  burned  layer,  but  not  on  the  abso- 
lute dimensions  of  the  grain. 

cLt 

The  third  factor  2F  is  the  linear  velocity  of  burning, 
depends  on  the  nature  of  the  powder,  its  temperature  and 
on  the  pressure. 

For  the  experimental  estimation  of  u in  a boob  at  its 
variable  pressure  we  have  to  know  the  variations  of  the 
thickness  of  the  burning  layer  in  unit  time,  i.e.,  we 
have  to  establish  a definite  geo® trical  relationship  be- 
tween the  thickness  and  the  volume  of  the  powder  gases. 

The  general  scheme  of  such  a study  is  as  follows; 
having  obtained  from  experiments  in  a bemb , a curve  of 
pressure  as  a function  of  time  we  can  calculate  ^ for 
the  varying  time;  then  we  will  make  use  of  the  geometric 
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law  of  burning  in  order  to  establish  the  relationship  be- 
tween the  thiokness  of  powder  (e),  fraction  ^ and  -S  ; 

Si 

next  we  have  to  find  on  the  basis  of  the  same  geometrical 

S, 

law,  the  relationship  between  ^ and  the  shape  and 
dimensions  of  the  grain.  Then  the  numerical  differentia- 
tion of  e and  ^ with  respect  to  time  t makes  it  possible 
for  us  to  establish  the  experimental  values  of 


and 


and  their  variations  with  time.  The  est- 


ablishment of  all  these  relationships  will  enable  us  to 
control  and  regulate  the  amount  and  intensity  of  the  gas 
formation;  thus  a complete  mastery  over  the  phenomenon  of 
firing  can  be  attained. 

4.3  The  effeot  of  the  geometric  faetor-5  on  Gas  5or- 
mation.  ^ 

Basic  variables: 


7T, 


x = 


le 

xe, 
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-S..5 

A«  S* 

f1-  £.Ut  is  the  intensiveness  of 

a gas  formation. 


Helationship  between  'J'  and  Z . 


'f's  %Z (/  *>z*t,zx}  . . . &*j 


her.  i *X>  , - tbs  charaoterlatloa  “of  the  tor  of . 

Tor  strip  powder  (parallelepiped)? 


Thickness  2e# 
width  2b 
length  2c 


0^  is  a retative  decrease  in  width.  ^ is  a relative 
decrease  in  length. 


-7^rz'j 


/tec-?/*;'**; 


dL+p+*fi 

l**+f 


hence ; ij'z  y+%  Q+'hz+p*9') 

at  the  end  of  burning; 

so  at  the  end  of  burning;  1 « 
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Fig,  21  - A burning  atrip  of  powder, 
formula  (28)  la  a general  formula  applicable  to  all 
forma  of  pomdar  grain  provided  the  appropriate  numerical 
values  of  %,  > end  M are  need. 

Differentiating  (22)  with  respect  to  Z, we  Daves 

Having  alsos  ; u*  i ip*  n 

ends 

(25)  can  be  rewritten;  jjj*  "Ofc) 

at  X*  0,  (26)  will  be;  S,  = *>  . . . Q>7) 

Dividing  (26)  by  (27)  we  have;  JU 


tUe  relative  burning  airface; 

Frcm  (27)  we  have  the  initial  specific  surface 

(initial  "denudation”  of  grain)  % a *••(%$) 
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During  the  burniig  (when  X varies  from  0 to  1}  $ 
depends  mostly  on  A because  ^ is  considerably  smaller 
than  A ♦ For  powders  with  (strips#  cubes*  bars)  f 
is  decreasing  at  burning  and  such  forms  of  powder  are 
called  degressive  forms ; when  A>0  (multiperforated 
grains)  then  is  increased  at  burning  and  such  forms 


are  called  progressive  farms. 


Function  S’depende  on  tbs  form  of  grain  and  its  r6la 

» lXl 

dimensions.  Function  if.  depends  on  the  form  of 

grain  T*  and  on  Its  aosojLUte  axmenaion  \ »#/« 
smaller  is  e,  the  greater  amount  of  gases  per  unit  of 
time  will  be  produced.  From  (is©)  and  (25)  we  have: 


^ ** 

TS  W.M  . 

*12 


Functions  ^ and  X for  other  forms  of  grains. 


A»  powder  with  one  channel  (tubes) 

?.e, - thickness  of  wall  of  cylinder 
D - outside  diameter 
d - inside  diameter 
2c  - length  of  a tube 


fig.  8S  Schematic  view  of  a burning  tube  of  powder. 


•fA_  a . A * • 

■*  \*  « *>r  — * 


tLaM****** : Ar 
f,  /-  -^f= <?*#* ('-^z-);  /*>• *j<»;  ~^r 


We  have:  ^3  7^2  here  £i-0 

The  tube  is  equivalent  to  a strip  with  an  unchangeable 

width.  ( b = '9®  ) i.  e. , its  Ot,  = = o. 

Thus  the  characteris  tic  9 and  far  tube  are  not 
affected  by  the  diameter  but  only  by  2e#  and  2c. 
forms  of  grain  derivative  from  the  strip. 

1*  square  plate;  %C  / c^-p 
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2*  square  bar*  Zq.zZS;  oC */  ; fl>o 
3.  oube:<2<2t*i^JC;  Oi 


Table  iO  (p.  87  - book) 


form  of 
grain; 

* 

* 

grAStt*** 

fi 

/-> 

Tube 

/+/9 

' !*/* 

o 

75T 

Strip 

/ * Ci  * p 

OtP 

/-*e rvygr 

Square 

plate 

b Zf- 

11  * A * 

S* 

7 

y/ij/ 

V “A''/ 

/+&fl  1 

/+J/9 

/+*/S 

square 

bar 

Z*fl 

, . 

o 

Cube 

3 

-/ 

; 1 

3 

0 

\ 

Ibis  table  shows  that  fchs  transition  from  the  tube 
to  the  cube  goes  together  with  the  increases  in  all  char- 
acteristics: in  * from  1 to  3:  is  the  absolute  value 
of  A from  a small  fraction  to  1,  is  from  0 to  1/3. 

Since  at  a given  value  of  the  initial  specific  sur- 
face  varies  withw  and  at  the  tradition  fro  a the 
strip  powder  •*/$)  to  the  cWhe  ( JK  = 3) 

will  be  increased  in  3 times:  at  the  some  tlu*-  In- 
crease in  A shows  that  the  surfaoe  6*  will  be  sharply 


decreased. 


91 


A,  tubular  powder  with  the  increased  length  of  tubes 
baa  properties  which  approach  those  of  a powder  with  the 
constant  surface  cf  burning  with:<&2^  i 
and ; ; G**/- 

Any  tube  of  powder  in  comparison  with  the  strip  of 

S 

the  same  length  has  a smaller  and  a smaller  degres- 

siveness both  of  which  oan  be  increased  by  the  deorease 
in  the  length. 

The  following  Table  11  gives  geometrio  characteris- 
tics of  the  form  of  various  bodies  of  revolution  (sphere. 


cylinder] 

, tube)^ 

Table 

n (p 

. 89 

- book) 

Character 

•ruticsi  • 

r* 

a 8, 

P*T  . 

1 

.JSS^yS^,9?^ 

Bod  ies: 

' 

1 

Sphere 

** 

ZK 

2* 

/ 

/ 

/ 

3 -b'  i 

Bod 

Z* 

2K 

2c 

/ 

K-a 

zf 

**A  -'ify-ip 

Solid  cy- 
linder 
SR»2C 

in 

tn 

/ 

/ 

/ 

3 -/  f 

Circular 
pla  te 

tn 

tk 

ft  a 

Wf 

& 

P 

/+»g.i££Jtl 

r /*9fi  /+2p 

Tube 

far 

ac 

0 

T& 

0 

**  .JL  o 

Washer 

plate 

2e, 

%C9 

D© 

far 

0 

S+fi 

0 

w -&  ° 
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All  curves  j (<T,  2j  ; i & TV  ars  obtained  from 
the  above  shown  equations:  . .(ixy 

and  : «•-  /+1XZ+3**Z%  . ••  £**.> 

The  third  curve  6"=  can  be  constructed  by  calcu- 

lating $ and  <T  corresponding  to  the  same  value  of  2. 
Those  curves  are  shown  on  Fig.  24,  Fig.  25  and  Fig.  26 
presenting:  (T  = f(z)»  j*  * F(z)  and  6“  *&(/’) 
respectively. 

The  following  •degressive*  forms  of  grains  have  their 
curves  marked  by:  (1)  tube,  (2)  strip,  (3)  square  plate, 
(4)  solid  bar  and  (5)  cube  or  sphere. 


Fig.  24,  §*{(£) 
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is  presented  by  cube  or  sphere  (5)  and  the  least  degres- 
sive form  is  presented  by  tube  (1).  from  /ig.  25  we  ob- 
serve that  a mare  degressive  form  gives  the  larger  amount 
of  gas  during  the  first  half  of  the  buxnlig:  at  z - 0.5 
tp(tube)  = 0.5005  and  ^ (cube)  » 0.875.  Curve 
fig.  26  is  particularly  valuable  because  it  makes  easier 
the  comparison  of  the  experimental  data  obtained  in  a 
manometric  bomb  with  the  readings  on  this  ourve:  ^ is 
determined  by  the  value  of  p observed  in  a bomb,  and  $* 
will  be  found  from  i-fe) obtained  by  the  differentiation 
of  ^ as  a function  of  time.  The  binominal  form  of  a 
function  F(z) 

written  ass  t - «X>/z(/'>XZJ  • * &*'J 


oan  be  determined  when  the  coefficients  X>/  and  tre 

found  from  the  following  two  requirements ; 1)  at  2J  - 1 

^ must  ba  calculated  from  (22)  ai -A  JS3*)s 

% t OOi  i(t+A.)  ; A,~ 

and  2)  at  z = 0.5s  'Xs-  **i-+/*  $ (t+*&) 

Hence;  ~ [}"  %) 


and  with  these  06,  and  oar  fanction^r'X^^^/X) 

sane  values  cf  i*  which  are  cb= 


-.1  <1  1 w.4-  * 4-U-. 

mu  wuo 


tained  from  !C2(t-**Z'+/itZiJ  for  the  three 

1 ■'  r ’ ' • ' 

values  of  z;  at  z = 0:  z * 0.5  and  z ■ i. 

For  the  strip  powders  these  two  funotions  give  almost 
Identical  results  for  the  all  values  of  z between  z = 0 
and  z * 1.  Thus  we  may  use  the  functions; 

{jfr  a (/•**>) 

f*  * / ■fijiA'X 

4.4  Powders  of  progressive  Forma.  All  the  degressive 
forms  of  powder,  have  their  burning  surfaces  decreased. 

One  form,  however,  the  tube,  is  an  exception  because  its 
inner  surface  is  increasing  at  burning,  thus  compensating 
far  the  decrease  of  the  external  surface.  If  the  tubes 
were  not  burned  at  their  ends  then  the  tube  powder  would 

be  a powder  with  a constant  burning  surface. 

> f * • 

The  initial  surface  of  a tube  (neglecting  the  ends); 

$,*?  %c+2rr.2c=  2rr(H*t^zc 

(R  and  T are  yadii  of  the  tube  and  So  its  length). 

After  a thickness  e is  burned  from  outside  and  inside, 
then  the  remaining  surfaoe  3s ; 

%fT(R-  ?)Z€*3?r(ne)2c-  J lir(#+r}Zc 

i 

i 
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If  w#..have  not  one  channel  (perforation)  but  several  of 
them*  then  their  increased  surfaces  of  burning  vrill  make 
up  the  decrease  in  surface  on  account  of  the  burned  length 
of  tbe  tube.  This  idea  was  realized  by  making  a cylin- 
drical grain  with  7 perforations  (See  Fig.  27). 


Fig.  27.  Powder  with  7 perforations. 

At  left  - befcre  burning,  at  right  - at  the  moment  of 
fragmentation. 

This  grain  has  one  central  perforation  compensating 
for  the  decrease  in  the  external  burning  surface  and  six 
perforations  producing  the  increase  in  burning  surface. 
The  outer  surface  of  a grain  before  burning  is  at  dis- 
tance Ze(  from  tia  inner  surfaces  cf  perforation  (Fig.  27 

left  side).  When  the  thickness  e#  is  burned  out  in  both 

* * 

directions  then  %‘m  remaining  grain  is  supposed  to  break 
down  into  12  splinters  (slivers)  as  is  shown  at  the  right 
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side  of  Fig  27  by  tba  shaded  areas,  These  splinters*  6 
large  cues  and  6 email  ones,  will  burn  with  decreasing 
surface*  just  like  ordinary  bars  and  even  more  degressive- 
ly  on  account  cf  their  sharp  edges  and  protruding  angles. 
This  unavoidable  final  transition  of  the  progressive  mode 
cf  burning  into  a degressive  one  is  a defect  of  the  pro- 
gressive powders. 

Regular  standard  sizes  of  the  diameter  cf  the  perfor- 
ations and  the  thickness  of  the  webs  in  7-perfcrated 
oylindrioal  grain  are:  2e#  * 2d|  hence  the  outer  dia- 
meter or  a grain;  2^--  (zfj- 
TJ^  length  of  a grain ; *>-***. 

At ; moment  of  fragmentation  (right  side  of  Fig.  27) 

37%  of  the  increase  in  the  burning  sur- 
face a stS  at  this  moment  ^ is  about  85%  (0.85).  There- 
fore, Ixt'p  of  the  powder  will  burn  degress! vely  with  a 
sharp  decrease  of  the  burning  'surface. 

In  practice  however*  the  fragmentation  does  not  begin 
simultaneously  in  all  grains  and  3g  must  be  somewhat 
lower  than  57%  and  is  also  lower  than  85%. 

Figure  28  presents  a schematic  view  of  the  relative 
positions  of  an  Initial  perforation  (d-diameter)  and  a 
eurvilin'eal  splinter  (a  larger  one). 


fig.  28.  Heaulta  of  fragmentation  of  a grain  with 
7 jsrforfitionsi. 

A circle  inscribed  into  a cross-sectional  area  of  an 
outer  silver  will  have  the  radius 

for  an  inner  smaller  sliver  its  inscribed  circle  will 

have  its  radius:  0.977* (d+2c,)c(i.X3jt$t 

\ 

Hence  whan  t ha  burning  surfaces  will  meet  in  the  center 
of  the  larger  sliver  (splinter)  the  total  burned  thick- 
ness (3^55  + $ S /•  $?*  Q, 

So  the  burning  cf  the  progressive  powders  goes  on  in  the 
following  two  phases; 

1.  Before  fragmentation:  z varies  from  0 to 

^ varies  from  0 to  ^ < / ; the  burn- 

ing surface  is  increased,  and 
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<S. 


After  fragmentation  z varies  from  1 to 


$ varies  from  ^ to  1;  the  turning  surface  is  decreased 
i.e.v  burning  Is  degressive. 

' The  fragmentation  and  degressive  burning  during  tbs 
seeond\phase,  of  burning  are  marked  defects  of  the  progres- 
sive powders.  Several  remedies  have  bean  offered  for 
these  defects.  Here  will  be  described  two  of  these  rem- 
edies^. One  was  proposed  by  Walsh  (*rosette*  grain), 
another  by  the  BusBian  powder-maker  Kisnemaky  (1918)  - 
36  perforation  grain. 


Fig.  Z'i.  Walsh’s  grain,  is  shown  in  two  forms, 
at  the  left  - Walsh’s  grain  before  burnirg;  at  tie  right 

x 

- whan  fragmentation  begins. 
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this  grain  is  an  improved  7 perforation  grain  with  its 
outer  surface  not  cylindrical  but  obtained  as  a contoined 

result  of  6 cylindrical  surfaces.  Xach  of  these  oylin- 

_ j 

drioal  surfaces  bas  its  radius  l'1*  ^ with 

its  center  in'  the  o enter  of  eaeh  perforation.  This  grain 

can  be  called  a grain  toith  a shaped  contour.  (See  Tig. SO 

left  side).  The  dimensions  of  the  splinter  are  markedly  . 

waller  than  in  the  regular  7 perforation  grain.  The 

calculations  show  that  • 0.9&£.  Thus  only  5%  of  the 

powder  burns  degreeeively,  and  -3*  * 1.37,  the  same 

i| 

as  for  a regular  grain. 

Kisnemaky's  grain.  This  grain  was  designed  with  a 
view  to  the  diminution  of  fragmentation  and  the  increase 
of  the  progressiveness  of  powder.  This  grain  is  a bar 
with  quadratic  cross  section,  and  36  quadratic  perfora- 
tions. Kisnemsky  expected  that  with  burning  by  parallel 
layers  the  quadratic  perforations  would  not  produce  any 
remaining  fragments  till  the  very  end  of  burning.  Besides 
this,  a large  number  ctf  psrf orations  wore  expected  to  pro- 
duce a higher  progressiveness  with  6^  * 3.  This  powder 
was  designed  by  Kisnemsky  for  the  gun  f c?  extra  distance 
firing  which  was  developed  by  Trofimov  in  1918-26. 
Kisnamsky’s  expectations  did  not,  however,  come  tsue. 

The  quadratic  contours  of  the  perforations  failed  to 


remain  quadratic  - their  angles  became  rounded  (there  is 
no  reason  to  expect  an  increased  burning  rate  along  the 
direction  of  a diagonal). 

Kisnemskjr’s  powder  failed  in  producing  that  high  pro- 
gress! venees  which  was  expected. 


Mg.  30.,  Klanemshy’s  grain.  The  right  side  shows 
the  grains  at  the  moment  when  fragmentation  began. 

Thfl  remaining  splinters  constitute  o'bout  10#  and^»<?*^**-- 


Tig.  31.  a photographic  picture  of  Kisnemaky’s  grain 
before  burning  (at  the  left)  and  after  as  it  was  thrown 
out  of  a gun  (at  the  right)  with  almost  round  perfora- 
tions. 


?ig.  32,  A large  grain  with  one  quadratic  channel  grad- 
ually transforms!  7 the  burning  into  a cylindrical  one. 
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The  variations  of  the  amount  of  burned  powder  and  of 

. • i : , , , . t 

the  burn  lag  surface  .are  given  by  . the  same  formulae  for  the 
progressive  form  as  for  the  degressive  forms: 

(/♦*!•? <*v 

The  only  difference  would  be  in  th8  numerioal  values  of 
the  coefficients  and  their  signs  ( J[>0  ; <0  ), 

let;  qs  denote : thiofcneas' (web)  Se}  ; diameter  of  pe  if  or- 
ation dj  diameter  o*f  the  gi«,lr  ti\  vh.e  length  of  the  grain 
2o;  the  number  of  perforation  n.  . 

, , Ar  1C.  a 

;The'n:  the. burned  fraotion  of  powder:  y s /**  “j\  » 


j +nd  M 

and  notat.loaa:  /7«  i (fa)*"  " 

or:  , J)*fts/zA  2cPt  and  s iit(X  ~ {Xc)  d?# 

-» 

The  initial  volume  of  a grain: 

The  remaining  voaubs  at  any  moment  of  burning  of  a 3ayer 
with  a thickness  e ; 
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Hence:  Af  [])x° 3C'X< 

X J>*-Wk 

•iDC0t  Ic^lcHtrl**- 
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Thus  the  general  formula,  las  the  same  appearance  as  for 
the  degressive  powders:  vj/s  QG%  "*-/J Z x) 


and:  (T7?  / + %^2+$£lZX 

for  these  powders  M < 0 and  ^ will  be  O at  t 

V «-/  - in,  -o  OX'  £ jZi? 

Therefore,  under  these  conditions  the  powder  ceases  to  be 


pr egress ive  because  then: 


dr. 


' 3x 


for  example:  ,7  perforation  grain  for  which  D * lid; 
condition  % * 0,  means  that  6-2/35  * 0 i.e.,  6 

* 0,  or  fte  «*  D + 7d  * lBd;  2c  * 6d{  ;/*<0 


, An  analysis  of  the  structure  of  the  coefficient 
shows  that  the  progressive  ness  of  the  form  is  in  Teased 
wf.th  the  nunfcer  of  perforations,  with  a decrease  cf  the 
uiameter  of  the  perforation,  (with  the  same  2e,  ) , and 
with  the  length  of  a grain  (2c), 

In  a grain  with  rectangular  cross- sections  (KisnemsJcy’s 
grain),  ft,  is  the  ratio  of  the  perimeter  of  the  grain 
cross-section  to  the  perimeter  of  a square  with  its  side 
equal  to  length  2o,  and  (i,  is  the  ratio  of  the  cross- 
sec ti  on  a 3 area  to  the  area  of  the  sam9  square  ( 4cx ) , 


If  the  side  of  a cross-sectional  quadratic  area  of  a 


grain  la  At  > an*  the  aide  of  the  quadratic  perforation 
*i  tbs  length  2c  and  the  total  nuntoer  of  ft  horizontal 
and  ft  vertical  perforations  Is  deleted  by  /l4  , Than: 

AM*,  . >■>  _ AS/fto;  „ X<r. 

nr— it-  ; p*k 


for  Walsh’s  grain,  we  have}  (3 3 


rear  /7,  and  (} , we  will  have;  (aea  Fig.  33) 

#7  A 

//f  9 "jjf  q where  P Is  the  perimeter  of  the 
grain  and  2of  its  length 


- c 

Mr#  where  ^.is  the  cross-sectional 

area  of  the  grain;  diameter  of  the 


perforation  is  d.  ; web  * 2e,  * 


JK  i * 
(T 


I 


I 


I 


I / 

m* 


<K 

T N 


Fig,  33.  Schematic  view  of  Walsh’s  grain. 
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St  is  the  sum  of:  (1)  12  triangles  (equilateral)  with 
their  sides  equal  to  a,  » each  reduced  by  ? circular 
sections  ctf  60*  and  radius  | / ; (2) 

6 sectors  of  120*  with  diameter  ctf  + J?  7.9,  eaoh 

reduced  by  a sector  of  120#  with  diameter  d,  . Thus 

ST--  a 


Perimeter  P ip  che  sum  erf:  (1)  6 aros  of  32  0*  with  the 
circle  diameter 7 circles  of  diameter  d,  ; (3)  6 arcs 

of  60*  with  the  circle  diameter  d^  Thus: 

. * * * 

i ~ 


Then  we  will  have: 


n P X(*4cTJ 

~ lr2<r  ~ JcT 

A ..  Sr  _ 


Since  the  value  of  ^ for  the  7 perforation  grain  is 
a small  one  we  may  use  a p aplified  binomial  formula  for 
*56,  and  the  coefficients  and 

can  be  determined  from  the  sane  two  conditions  as 
we  have  used  above  in  the  case  of  degressive  forms. 
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At  z * o.5s  O’*  4 +£* O'*  it) 
it  z « l;  9^ 0 **  *+  C*)  9 ^r(u  *')~  % 

Hence:  OG,~  (/-  $)*  ^ ^**/  . 


(for  progressive  powders  we  had:  ^ ? ^-/ 

Tor  examples  for  tbs  7 perforation  grains 

d.  S ; j> 3 £ 5*  ; 24  */ZS  *>&  ^ *$**  • 

£s  ;»«;  ^,-20.^^710 ; i/J,-/.*4o 

Q-  2£Js£*0./M  ; Q,+  *n, 

(Jl£) 

* 3 °-7'*  ; **"*' 

efiO+l+pJ-  0-82$ ; Ss*  /+%J>+3£fl$7$ 
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from  a binomial  formula:  (t-  $)"  0. 790 

v i v ::  ' .*,*  ? OJP75 

*». , . 

% - - o-  f?f  ; 1-tX  = /.  37? 

The  products  of  fregne ntations  (the  second  phase)  are 
of  two  sort8  - small  slivers  (eee  Pig.  27-6  small  inner 
silvers) , and  larger  slivers,  6 larger  slivers  on  the 
same  Pig.  27. 

Prof.  0.  V.  Oppokov  has  shewn  that  assuming  burning 

« 

by  parallel  layers,  it  is  possible  to  find  a general  ez- 

\ 

preasion  for  the  burning  of  the  smaller  slivers  together 
with  the  large*  ones,  and  the  next  final  period  of  burn- 
ing only  of  the  remnants  of  the  larger  slivers. 

The  results  obtained  by  G.  V,  Oppokov  show  that  the 

burning  of  the  products  of  fragmentation  goes  on  almost 

% 

as  degress!  vely  as  for  a cubic  grain,  i.e.,  more  degree- 

. >**♦ 

sively  "than  for  a prismatic  bar. 

,We  will;  ^se  the  binomial  formula: 

Changing  the  origin  of  coordinates  to  the  point  of  the  be- 
ginning off  fragmentation'.*  ^*/  / 

we,  will  hi  vs:  TO. 


1X0 


differentiating  this  equation; 

and  bringing  in  our  two  basic  requirements: 

1.  for  X~  X#  , i**/  » 

i.e.  > /-Jjs  <K>, (Z«0[/+JxtZ*-'j7 

2.  for  B'-jo 


i.e.:  / +*KC*k~0*  O 


from  these  two  equations  we  find  JEfe  and 

^ x ?hr  i v %zr  • 

For  example,  for  a standard  7-perf orated  grain; 


k 


! and  « 0.855 

» and  = 0.545 

at  XK  = 1.232;  and  ^ 

* 0.95 

« -.216  and  % 

& 

» 0.432 

For  curves  C & z)  , (fr  ? ) an<*  (?,})**  will 
use  the  general  relationships;  ip- A*  ■tft'ty 


and; 


S 

s, 


-g-  ~ 3 “’** 


Then  cur  curves  will  ba  obtained  as  is  shcsn  in  Figs.  54, 
35  and  36. 
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Fig.  36. 

Wtar*  curve 8 marked  I refer  to  7-perforated  grain 
curves  marked  II  refer  to  Walsh's  grain,  and  ourvea 
marked  III  refer  to  Kisnemsky’e  grain. 

Ooatod  tubular  powders  of  the  high  progressively® 
were  proposed  in  Russia  after  the  results  of  Kisnems.Vy’a 
powder  proved  to  be  below  expectations , Then  Prof.  0.  6. 
Philippov  cf  the  Artillery  Aoademy  proposed  the  coated 
powder  which  is  a regular  tubular  powder  with  its  outer 
surfaoe  covered  with  a non-bu ruing  layer.  Then  the  burn- 
ing affects  only  the  internal  surface  of  the  grain  which 
is  continually  increased  till  the  end  of  burning.  The 
increase  in  the  burning  surface  is  proportional  to  the 
ratio  of  the  external  and  internal  diameters  for  the 
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cylinder  with  one  perforation  with  its  and 

e.  * d.  i,e,i  _ 4 

S,~  c*.  ~ * 

The  progress! vene ss  is  much  higher  than  for  Kianemsky’s 
grain  Mth  its  36  perforations. 

Practice,  however,  baa  shewn  that  there  was  a oertain 
snag  in  this  otherwise  very  promising  procedure;  there 
was  a practical  difficulty  in  the  preparation  of  such  a 
layer  whioh  should  not  be  burned  at  all  and  should  be 
strong  enough  in  its  resistance  to  meohanical  strains 
and  friction  during  its  storage  and  transportation  as 
well  as  to  disruption  by  the  moving  powder  gases.  Besides 
this  .there  was  observed  an  increased  smokiness  on  account 
of  the  pulverized  remnants  of  the  protective  layer  thrown 
out  of  the  gun  during  firing. 

The  whole1  outer  surface  (cylindrical)  and  both  oircu- 


£ ts  a'  ai’as  rs?  rVi  ^ jg  ft  j.  . a mm  fcV  — * 4 mu  aw!  4 ^ 

Atti  yittVWB  '-O.  WUV  VUM  W %»V  UvV  v Ulii  y 2*-1 

drlCait  suTiaCs  CqB  mS  burned  only  thrcu^u  tbs  thickiivds 
e,  (not  20 


tj 

i 


* 


1H 


Fig.  37.  X ooated  tubular  powder. 
We  hare:  (aea  fig.  37} 


A=  ?[«+**/-  ‘tf*e  ~ ***[4**4} s *•'  i 
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Comparing  this  result  with  our  formulas  fz%2(/*A*) 

we  see  that;  A*  ffc  and  %*/££ 

Then  6* - *jf  - J+A^Z-  2 J ~j* 

it  €,**i  i b*t i / $K?3f 

'K‘  ' s < 

«ti 1 3»=a  , ? - ">°« 

. > \. 

progressive  than  for  o,  5 u* 
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Chapter  "5  - The  Sate  of  Burning  Lav?. 

$.1  The  principal  factors  in  d etermining  the  rate  of 
burnirg  are,  - the  nature  of  the  powder  and  its  tempera- 
ture and  the  temperature  arv5  pressure  of  the  surrounding 

gases. 

Since  the  immediate  measurement  of  the  temperature  of 
gases  during  the  burning  of  powder  is  still  beyond  our 
experimental  technique  we  must  deal  with  the  functional 
relationship  of  the  character  of  powder  and  gas  preosure 

nwnt»uraui6  nuu  rogiotcrabio  In  experiment. 


The  basic  "law  of  the  ratio  of  buming"ie  represented 
in  the  fora  of  : u = f (p) 

Various  forms  for  expressing  this  relationship  are  used 
in  practice. 

The  first  step  is  the  experimental  recordtig  of  the 
pressure  in  a bomb  as  a function  of  time.  The  form  of 


oQwder  usually  taken  for  those  experiments  Can  be  strip, 

plate,  or  tube,  preferably  of  uniform  thickness}  all  the 

average  dimensions  are  carefully  measured  {2e  2b,  3c, 

D , d,  etc.)  5 th3  characteristics  % and  {in  the. 

binomial  formula)  are  calculated  and  the  curve 
& 

is  drawn,  Thsu  the  powder  is  burned  in  a 
manometrio  bomb  using  a strong  igniter  which  will  give  a 
simultaneous  inflammation  or  tne  wnoie  powder  sarfaos. 
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. 5sst  the  curve  of  p as  a function  of  tins  t is  taken 

and  using  the  diagrams  c t Y~f&)  *1* 

At 

and  the  rate  of  burning  U*  -jp  is  determined  by 

the  immediate  measurement; s of  ££  and  A t with  the 
average  value  of  p on  this  interval  At  i.e.,  the 
curve  u » f(p)  can  be  constructed. 

'jft  2 Visile’s  formula-. 

U-Apv' 


here  k and  V depend  on  the  nature  of  powder 

and  V can  be  1.  The  smaller  V is  the  less  sensitive 
is  the  powder  to  the  variations  of  pressure.  Vielle  used 
J for  blaok  powders  and  )^s  j for 

smokeless.  We  use,  for  our  slow  burning  blaok  powders 
used  in  a time  fuse  V-  . Prof.  G,  Zabudsky  used 
for  pyroxylin  powders  r - G.93,  for  cordites  9 - 1, 
far  ballistite  f = 1.107. 

M 

C.3  Binomial  formula: 

* J<  • 

This  formula  was  U3ed  by  Prof.  S»  Voukolov  (1891- 
1897)}  by  Prof.  Wolf  (1903)  and  by  Prof.  I.  P.  Grave  . * 
(1904),  Houraour  also  used  this  formula  (1930-1935). 


Prof. 


UiU  TV 


(1904.)  carried  out 


comparison  Ga 


.t 

l 4 A * v 

wrv  — * maav: 


many  experiments  for 


the 


VS?  ft 


Ms  conclusion  was:  ’’Both  formulas  can  be  considered 


118 


equally  adaptable  for  the  expression  of  that  law  whioh 
controls*  the  variations  in  the  rate  of  burning  as  a 
function  of  the  variation  of  the  pressure.  The  mean  er- 
rors involved  in  working  with  these  formulas  in  general 
art  alike  and  both  formulas  lead  to  almost  identical  re- 
sults". 

An  apparent  contradiction  involved  in  this  statement 
is  that  a straight  line  ( U » Ctfi+S  ) not  passing 
through  the  origin  cannot  be  equivalent  to  a parabolic 

y 

curve  ( U'  Aft  ) passing  through  the  origin. 

Fig.  38  explains  at  least  the  degree  of  validity  of 
the  above  contradiction.  In  the  earlier  experiments  with 
bombs  (1880)  the  crusher  did  not  register  pressures  lower 
than  300-400  kg/cm8  and  as  a result  of  this  omission  of 


VU9  '.wn»i  yj. 


A 1 4 n <M  lotu  / 

V«UV  J.  V.  A \ 


tally  was  just  as  good  as  the  parabolic  law  ( U*  At? ) 
for  pressures  lows?  than  300-400  kg/cm8.  Translator’s  note: 

Another  contradiction  involved  in  formula  UsQfl+6 
is,  that  this  law  appears  to  be  physically  inadmissible, 
as  it  implies  the  burning  of  propellant  under  no  pressure, 
at  /3  a o Li's.  & (constant).  Direct  evidence 

on  this  point  is  avails  bis  , as  Koble  (^Artillery  and 
Explosives* , pp.  523-584)  gives  an  account  or  an  attempt 


119 

of  Abel's  to  burn  cordite  in  a vacuum.  The  attempt 
failed i but  Noble  made  no  deduction  from  the  negative 
result  t 

formula:  u * AP 

Oharbonnier  (1906)  in  the  beginning  of  hie  research 
used  a more  general  law:  U*  A . After  the  anal- 
ye  is  of  his  experimental,  ourves  it  wae  found  that  fo*  the 
frenoh  strip  powders  of  that  time  the  exponent  ^ ould 
be  taken  ao  1.  Prof.  N.  Droedov  (1910)  also  used  u **  Ap 
in  hi  8 wcrk. 

*.5  Schmitz's  criterion.  In  1913  Schmitz,  experi- 
menting .with  a large  Krupp'e  bomb  and  measuring  pressures 
not  with  crushers  but  by  means  of  optical  recording  of 
the  elastic  defonria  fci  on  s of  a special  elastic  bar,  suc- 
ceeded in  determining  all  the  pressures  from  the  very  be- 
ginning of  burning.  He  has  introduced  another  criterion 
for  the  selection  of  bhe  appropriate  law  of  the  rate  of 
burning  and  Ue  assumed  the  law:  u » Ap. 

0 

- 

< > , 


***  ti  A ■*<  l 
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yig.  38. 

Assuming  that  the  lam  u » Ap  is  correct*  then 

U--&AP 

&9 


Hence ; 


far  complete  burning : £ 


is  jhy 


, * *$* 


hdt  « J%. 


is  constant 


for  the  given  powder,  since  e<(  and  A are  characteristic 
of  powder  hut  not  of  the  loading  conditions  we  are  justi- 
fied in  stating  that  if  the  law  u = Ap  is  correct  then 
the  impulse  of  gas  pressures  does  not  depend  or  the  load- 
ing conditions,  and  this  impulse  is  equal  to  the  ratio 
one-la  If  of  the  web  to  the  coefficient  A. 
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from  the  whole  aeries  of  experiments  in  the  Krupp 
bomb  with  varying  densities  of  loading  from  - 0.12  up 
to  dk  e 0.26,  Sohmitz  found  that  the  areas  of  curves 
p * f(t)  or  /;v  far  all  these  firings  are  all 
equal.  See  fig.  39. 


Pig.  39.  curves  p - f{t)  for  various  densities  of 
loading. 

These  results  prove  that  the  law  u = Ap  is  correct. 
If  another  law;  u = ap  +£  was  correct  then; 

eLe.  s a pcu 
and  : * 4 tH 


Since  tgf  is  decreased  with  the  increased  4 then 

r** 


mast  be  increased  with  4 . 


An  analogous  result  can  be  obtained  for  the  law 
u * Ap**  with 

After  Schmitz's  work  many  other  researches  were  con- 
ducted along  this  line.  Muraour  (1927-88)  Investigated 
the  rates  of  burning  of  colloidal  powders  and  in  (1924  - 
25)  he  evaluated  the  heat  loss  through  the  walls  of  a 
bomb. 

The  experiments  of  M.  X.  Serebryakov  wi  th  pyroxylin 

and  nitroglycerine  powders  completely  verified  the  law 

U 

u * Ap*,  here  A = can  be  taken  at  p = 1,  when 


u * apj  nere  a * «jr  ' 
U * l.e. » A = 


Here  the  velocity  of  burning 


is  referred  to  the  unit  of  pressure. 

Then:  u * Ap  = Uxp 

„ ( 


U l «f./ 

""  «r*  • 7~iZZ\ 

P l -^.1 


In  other  words  Cit  is  a velocity  of  burning  referred 
to  the  unit  of  pressure.  Thus  the  valuo  or  ULt  together 
wi th  the  values  of  f {•force'1  of  powder)  and  oovolume  oO 
is  a ballistic  characteristic  of  powder  of  § physioo- 
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chemical  nature.  The  value  cf  U,  for  pyroxylin  powders 
varies  from  6 x 10"®  ,to  9 x 10“®  ( *^fr) 

mm*  " 

The  larger  ie  the  web,  the  larger  is  the  amount  or  vola- 
tiles, the  slower  does  the  powder  burn;  the  higher  is 
the  percentage  of  nitrogen  the  higher  is  LI,  . Tor 
nitroglycerine  powders  the  percentage  of  nitroglycerine 
is  the  most  important  factor  directly  affecting  its  U,  . 

The  amount  of  volatile  a is  also  very  important:  for 
example  in  the  pyroxylin  pewder  an  increase  of  156  of  vol- 
atiles cuts  down  U,  by  10-12$. 

In  American  literature  the  following  formula  is  used 


for  pyroxylin  powder 


o.oojSL 


**(/fb-ey*2stf/4+  9o8.$  h 


7-/0 


here  fa  63*00  (Af-(rl7)  -the  energy  cf  powder 


tempo  rat  UT  i 


of  the  powder ; 


more 


h = $ of  volatiles  removable  by  6 hour  drying, 

h'  = $ of  volatiles  r-emainirg  in  pewde.  • after 

6 hours  of  drying. 

N = $ of  Nitrogen 

For  the  Bussian  pyroxylin  powders  another  formula  is 
suitable: U , . ( JS» 

' o.o*@ao-8cJ+3b  p 


W®  981  s&mfmnttam 
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Here  220*  is  the  temperature  of  the  inflammation  of  the 

^ */g,  </*. 

powder  ana  £ s 700000  (N=5.37)  r^y* 

Letang  using  the  principles  cf  the  kinetic  theory  of 
gases  and  considering  that  the  burning  of  powder  is  a 
prooess  of  detaohing  powder  molecules  by  the  impacts  cf 
gas  molecule  a,  gives  his  formula  for  Ci,  : c,x 


Her  «i 

^ - acceleration  of  gravity 

/ - density  of  pcarder 

- probable  velocity  of  gas  molecules 

C,  - velocity  of  molecules  sufficient  for  the 

detaohing  of  at  least  one  molecule  of  powder, 

Schmitz  in  his  experiments  used  aensitioo  ox  lOaul  ng 

from  A - 0,12  to  A - 0*25.  There  were,  however, 

some  experiments  later  on  with  A as  low  as  0.015, 

r*h 

The  results  of  these  experiments  gave  > a total 

impulse  of  gases  varying  along  the  law  of  a straight  line; 

S? 

this  function  verifies  the  laws  ti- 
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The  experiments  conducted  by  M.  E.  Serebryakov  and 
4*  Eokhanov  '1937-1940)  indicated  that 

vari*«  with  the  time  of  burning  only  for  powders  having  a 

-.V  • 

considerable  web  (2e,^  0.5).^  ?or  very  thin  powders  with 
higher  rate  of  burning  JF*  is  not  affected  even  by 
a very  small  A • This  result  shows  that  it  is  impor- 
tant to  take  into  consideration  the  speed  of  the  process 
of  tbs  heating  of  the  powder  mass  laying  close  to  the 
burning  surface:  then  ite  LL,  is  increased  and 


is  decreased. 

Special  experiments  were  conducted  to  demonstrate  the 
influence  of  the  powder  temperature  on  the  rate  of  burning 
at  constant  atmospheric  pressure.  The  time  of  complete 
burning  of  a atrip  of  powder  of  the  same  length  at 
t*C  = 15*  was  14  seo,;  and  at  50*  0,  the  time  was  9.4  sec., 
which  nBoas  that  the  rats  of  burning  was  increased  isa 


tiuifie  DO 


the  integral  was  decreased  1.5  times. 


The  ray  in  which  the  heating  of  powder  affects  the 
rate  of  burning  is  very  clearly  seen  when  series  of  ex- 
periments are  made  in  one  and  the  sans  bonb  which  is 
gradually  heated  uy  ti»  burning  process  within  its  walls, 
and  is  not  given  time  enough  to  be  cooled  bs tween  the 
experiments.  4 powdex  reduced  for  the  esperimsat  is 
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always  kept  a few  minutes  before  the  expericRu  t starts, 

and  thus  the  powder  temperatures  each  time  become  higher 

r*K 

and  higher,  with  tbs  result  that  the  values  of 

are  gradually  decreased  beoause  tbs  higher 

temperature  of  powder  increases  the  rate  of  burning  and 


beoomes  smaller  and  smaller. 
T 1 r*k 


Since  the  integral 


is  decreased  with 


the  decreasing  A this  means  that,  formally  speaking, 

U 

this  result  can  occur  in  both  cases:  for  the  law:  U =lp 
as  well  as  for  the  law:  14  « 

II.  5.  Serebryakov  {1932}  has  demonstrated  tisi,  at 
^>1000  kg/csi*  the  law  U * Ap  can  be  accepted  and 
at  < 1000  kg/om*  the  law:  A,jb  is  more 

aocurate, 

?or  very  low  pressures  (from  5 atm.  to  250  atm.  ) 
Prof,  t.  y.  Shapiro  used  the  law  44  = 0.37  fi  whicn  is 
not  in  agreement  with  the  law:  u = Ap.  It  baa  already 
bben  shown  above  that  the  decrease  of  the  integral 

for  tbs  small  A is  explainable  by  the  in- 
crease in  tbs  rate  of  burning. 


Summing  up  these  result  a we  must  admit  that  we  do  not 
yet  have  one  general  law  for  the  burning  rate  as  a func- 
tion of  pressure.  But  since  for  the  practical  firings  of 
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guns,  all  powders  are  burned  at  higher  densities  of  load- 
ing and  pressure  a , we  may  safely  use  far  these  oases  the 
law;  U,  P 

Tfe  had  the  expression  for  the  rate  of  gasif ication* 

itzx:iu  ■ (3,J 

now  we  rewrite  it;  - Si  . £.U,b, 

^ dt  A,  3,  r **  •, 

and  that 

we  hate  (31);  5 JT 


C c 

here;  X*  V depend  on  the  geometric  characterie- 

A * "5*  tics  of  powder. 

u,  -rate  of  burning  at  p = 1,  this  is  a 
characteristic  of  the  nature  of  the 
powder  and  the  degree  of  its  warming 
up, 

u 

r 

the  pressure  is  characteristic  of 
the  medium  in  which  the  powder  is 
placed  and  it  depends  on 


— pressure  si  vshioh 


the  huTnim  is 


^ *w» 
ev***D 


r\r\  t 
* — v 
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Chapter  The  lew  of  .the  Variation  of  the  pressure  as 
function  of  time _____ 

Froof^= 


f A Y i "fAp 

here:  /~^  j:)^ 

(relative  free  volume  of  a bomb); 


by  differentiating  (34)  with  respect  to  t,  we  have; 

• • •<w 

” l 

here;  (/**$)  is  at  the  beginning  and 

(/-* 4)is  >%  at  the  end  of  burning  and 

/ . d v A V / * 

t~  ~f  S * V / /~«a 

Hence  with  a very  good  approximation;  * -*jp €V / 

'T  *^t 

and  then  using  (33)  we  have; 

A /a  a.  . /-  - « 

Z?  = 7Z-*'T™p-L*J 


For  powders  with  a constant  surface  of  burning;  ($" 
is  constant  but  ^ = 1 and  9“f  = 1 + 2^  , so  we  take 
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<r  /+* 

aw',  % 


anfl  from;  903C  (/*•  )£=/ 

we  have  ,*  / s?  %(/+  h) 
henee:  ^ 

and  finally  *X«r  in  (35)  will  be: 

and  (35)  will  be  rewritten: 

cCfi  /d  ^ 4 a /-r » 

3?  5 ~Fma'  -??■•/>  ■(**) 

*~K 

finally  introducing  a notation: 

Ip  *yT3  (secom*)„(si) 

thus  is  the  time  of  the  complete  buruirg  at  the 

- -rii^  ^ ~ *’  ~ ^ » *-V  » • . . 1.  # .. 

W4»  wwm  w y*v  wwU  « w ^yjjj  — yg/  W3  tiavv  uuo  waoiv  oi.juovj.uu* 

f1"  V 

Having  integrated  (38)  we  have;  •&-  /.£)—  j£ 
hence:  t — £ 4 303 C log  £ J - (39) 


tk  = 2,303  Clog  (” 

/>  = A«  • 


• (40) 
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The  following  sat  of  3 groups  of  curves  (Pig.  40, 

Yig.  41,  and  Fig.  42)  presents  various  shapes  of  the 
exponential  curves  expressing  pressures  as  functions  of 
time  under  various  loading  conditions;  Fig.  40  - a 
constant  Jb  and  various  A Fig.  41  - constant  A 
and  various  Jj)  ; Fig.  42  - oonstant  A various  C#. . 

Thus  the  final  conclusion  is;  by  the  appropriate 
use  cf  the  ballistic  characteristics  , OC  t U,  of 
the  farms  and  dimensions  of  grain  ( % , G*  ) art 

of  density  of  loadirg  A it  is  possible  to  oontrol  and 
regulate  both-the  rate  of  inorease  and  absolute  value  of 
gas  preasura-in  a closed  volume  (of  a bomb),  which  is 
another  way  of  saying  that  both  phenomena -the  burning 

rtf  nnwd.i'  njVI  formation.  Cf  gS255— 02H  00  ijyniight  n nfl at»  n» v 

complete  and  effective  direction. 
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Fig.  40-  Gurvea  (p,t)  at  different  A and  same  pg. 


Fig.  41  - Curves  (p,t)  ct  different  pg  and  same  A , 
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rig.  42  - Curves  (p,t)  for  different  e,  and  same  A * 


Fig.  43  - Scheme  of  a burning  sphere  or  cylinder * 


J.OO 


Scot  ion  III  •»  Ballistic  Analysis  of  Powders  based  on  the 
Physio  a 1 Law  of  Burning.t»>lI9w>  .Lgfl- 

(See  "Physio al  Law  of  Burning  in  Interior 
Ballistics"  by  11.  B.  Serebryakov  (1937-40) 

Chapter  1 Development  of  Method  for  the  Balliatio 
Analysis  of  Pow dsrs. 

1.1  An  attempt  to  adjust  the  theoretical  law  to  ex- 


periments in  the  manometrio  bosh. 


4 


have  their  slopes 
the  final  values 


All  the  pressure  curves  oaloulated  from; 

Ua  ' ** 

continually  increasing  up  to 

& 

X £ 

All  the  pressure  ourves  obtained  experimentally  in 
booh  show  their  slopes  definitely  reaching  their  maxima 

at  certain  P < p and  after  this  point  of  in- 

* •/*» 

flexion  <2>  gradually  falls  down  not  infrequently 
reaching  its  final  value 


so  when  f>-  fa 


Fig,  44  - Curve  (p,t)  with  a point  of  inflexion. 


134 


As  a necessary  remedy  against  this  discrepancy 


Gharbonnier  introduced  certain  9 function  of  from9  which 
presented  a relationship  between  (the  relative  sur- 
face) and  (the  fraction  burnt)  in  form; 

where  the  exponent  is  determined  not  by  tbs  geometry 
of  a grain  but  by  an  experiment  in  the  manometric  bomb. 

from  purely  geometrio  considerations  it  is  easy  to 
show  that; 

for  the  solid  sphere;  j 1 p*  \ 

for  the  solid  cylinder;  s C = (/— 

o 

for  the  infinitely  wide  trip;  'S’  * (/—  £)  - //y3-  O 

(constant  S ) 

But  Oharbbnnier'a  experimental  determination  of 

consisted  in  calculation  of  by  means  of  the  pair  of 

pressure  values;  />  at  the  point  of  inflexion  and  Jb 

maximum  pressure  at  the  moment  ^ (end  of  burning)  from 

his  a.  priori  formula;  (3=  . - • (4?) 

* £ 


I 
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The  more  uniformly  powder  burns,  the  oloser  j>  is 
to  ft*  and  the  lower  the  value  of  p is  found  q 
for  the  constant  surfaoe  cf  burning). 

Fig.  45  shows  experimental  curves  i an° 

2 for  |9  » 0.2  and  p » 0.5  respectively  for  the  french 
atrip  gun  powder  and  plate  powder  for  small  arms.  On  the 
same  Fig.  45  in  dotted  lines  1*  and  2*  are  shown  ev/a* 
obtained  from  the  geometrical  law  of  burning  as  it  is 
applied  in  cases  of  strip  powder  (ourve  1* > and  plate 
powder  (2* ) 


I 


* 


45-  Function  of  form:  rr  - ffH'}. 
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Conclusion  drawn  from  Obarbomi.er’s  experiments: 
l-  The  burning  surface  of  all  powers  approaches  zero 
(at  ^ * 1}  and  the  more  degressive  pc*  uer  is  the  more 
rapid  ia , the  slope  of  curve  to  the  point 

at  p a 1. 

2.  Aotual  burning  is  alwayB  more  degressive  than  oan  be 

expected  in  accordance  with  the  geometric  law. 

t*  * 

3.  Such  a discrepancy  can  be  a result  of  not  homogeneous 
enough  mass  of  the  powder  as  well  as  of  not  instantaneous 
Inflammation  cf  all  the  elements  at  the  whole  powder 
charge. 

4.  The  experimental  curves  (p,  t)  presenting  the  actual 
variations  of  pressures  with  time  establish  a direct  con- 
nection between  the  theoretical  formula  and  experimental 
results  of  the  man ome trie  bomb. 

Thus  Charbonnier  introduced  the  evaluation  of  the 
powder  progressivenesa  by  means  of  experiments  but  not  by 
the  geometric  relationships  of  elements  of  the  farm  of  a 
powder  grain. 

The  progressiveness  of  the  form  by  no  means  can  be 
taken  ae  the  complete  expression  of  the  pregressivenees 
of  ths  burning  process.  This  process  involves  not  only 
ths  geometry  c t the  grain  but  ite  Physics  and  Chemistry 
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as  well;  besides  this  there  is  a very  imposing  conplex 
of  the  loading  conditions,  of  the  initial  ignition  and 
inflammation  which  all  markedly  affect  the  progressive- 
ness of  the  burning  process. 

With  all  due  credit  to  Charbonnier's  ingenious  inven- 
tion of  his  "function  of  form"  it  must  be  admitted  that 
this  function  did  not  reflect  the  entire  real  character 
of  the  burning  in  all  details.  And  hardly  could  this  be 
expected  because  this  function  after  all  takes  into  con- 
sideration only  two  elements  f)  and  fj^  both  located 
rather  at  tbs  very  end  of  the  analysed  process  cf  burning. 

The  Whole  curve  ( t ) was  not  explored  and  parti- 
cularly important  was  the  absence  of  recorded  pressures 
in  the  beginning  of  burning,  when  the  cylindrical  crush- 
ers were  unable  to  register  low  pressures. 

Kxactly  this  point  has  been  picked  up  by  Prof.  M, 
Serebryakov  in  1983-24  who  started  his  experiments  in  the 
manometric  bonfc,  using  his  conical  crushers,  thus  estab- 
lishing a new  method  of  the  analysis  of  the  powder  burn- 
ing, applied  along  the  entire  curve  ( k>.  £ ) from  the  be- 
ginning to  the  e nd  cf  burning. 

Prof.  !i.  Serebryakov  introduced  a new  experimental 
characteristic  of  the  progress! veness  of  the  burning  — 


this  characteristic  shows  the  variations  cf  the  intensive- 
nesa  c£  gas  formation  during  the  whole  course  of  the  proc- 
ess of  burning. 

The  applications  of  this  new  method  made  observable 
for  further  studies  some  new  facts  which  could  not  have 
been  foreseen  by  the  geometric  theory;  also  soma  new  ex- 
perimental deviations  from  the  geometric  formula  were 
found  and  several  hypothetical  propositions  given  a priori 
by  Cbarbonnier,  were  proved  and  verified  by  the  experi- 
mental results  obtained  by  Prof.  Serebryakov. 

h 

2.2  The  experimental  characteristic  of  the  progress- 
ivenees  of  the  burning  process  - the  function  / * . 

Practical  application  of  the  funotion  P for  the 
analysis  of  the  burning  process  of  powdert  The  derived 
experimental  characteristic  must  be  constructed  as  to  its 
form, that  In  the  ideal  case  it  could  be  determined  by  its 
geometrical  factors,  assuming  that  the  whole  mass  of 
powder  is  strictly  homogeneous. 

On  the  other  hand  the  numerical  value  of  such  a char- 
acteristic must  be  calculated  using  only  those  experi- 
mental results  obtainable  in  tbs  sancmetric  bomb,  which 
are  truly  reliable. 
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From  the  results  of  burning  the  powder  in  the  bomb  we 

obtain  data  in  the  fear  a of  the  pressure  - time  curve , 

' ' *■.,<  * 

which  gives  us  the  rscorded  pressure  at  any  moment  of 
time  with  a definite  degree  of  accuracy. 

Assuming  that  f and  f are  constant  through  the 
whole  mass  of  powder  and  that  there  is  no  cooling  effect 
of  the  walls,  we  may  apply  the  general  formula  of  Pyro- 
statios:  a u 


hA 


Here  the  pressure  is  a function  of  the  burned  fraction  of 
th«  powder  charge  JK  « 

But  the  very  process  of  building  up  of  the  pressure 
P is  given  by  and  therefore  by 


^ A A*  A M i>  A ^ «*n  >*  4 Ck  4*  ^ AM  Q 

A JlX  ViAO  vqaauvaCSS  Ql 


fit  i,„ 

\*cr  ~ 


form  of 


Af, 


can  also  be  taken  from  the  experimental  values 

k>- 

of  p ; 

WJfr.  S,  5 A 

from;  ^ - 7 • T **,/> 


and  for  the  comparison  for  successive  values  of  & 


these  values  must  be  related  to  their  correspond  ixg 
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pressures  p,  i.c. , the  ratio 


is  a true  measure 


o?  the  inerts**  or  the  decrease  in  the  rate  of  gas  forma- 
tion; * if  during  the  process  of  burning  the  ratio 


forma- 

f 


is  increased,  this  increase  proves  that  the  powaer  burns 
progressively  if  the  ratio  is  decreased  our 

powder  burns  degressively. 


'oves  that  t 

f “ 


This  ratio  we  denote  by 

Thus  P is  a specifio  rate  of  gasification  per 
unit  pressure  and  is  called  - the  intensiveness  of  the 
process  of  gasification;  its  variability  during  the  proc- 
ess of  gasification  does  characterize  the  powder  from  the 
viewpoint  of  the  progressivecess  of  the  powder  itself  but 
not  of  the  form  of  its  grains. 

The  dimensional  structure  of  r is  reversed  in  com- 
parison with  the  dimensionality  of  the  impulse; 

When  the  pressure  is  constant,  varies  in  propor- 
tion with  the  surface  of  powder  as  it  should  be  in  accor- 
dance with  the  o^cmetric  law  and  in  this  case  is  a ^ 

characteristic  of  the  progressives ss. 

If  the  ignition  were  really  instantaneous  over  the 
whole  powder  surface  and  the  pressure  were  constant  at  its 
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value  jb  thou  the  powder,  being  perfectly  homogeneous, 
could  have  been  burned  strictly  in  parallel  layers  and 
the  intensivenese  of  gasifidation  would  have  bean  varied 
in  proportion  with  the  powder  surface.  If  s 


eft.  s i „ • 

ui  5C'5;**v? 


S . it 

X, ' s,  u> 


- here  the  only 


variable  la  8 - surface  of  powder  or 


In  this  case  r varies  proportionally  to 
i.e.,  the  characteristic  of  prcgrossiveness  conforms  with 
the  geometric  characteristic  cf  the  form  of  a grain. 

For  this  reason  we  will  take  r-u$) 


the  intensiveness  of  the  gasification,  as  the  experimen- 
tal characteristic  of  the  progress ivenass  of  the  powder 
burning. 

Funotion  f*  is  determined  at  intervals  of  time  on 
the  pressure  curve  by  , calculated  at  tfr3  correspond- 
ing intervals,  thus  without  any  reference  to  the  geomet- 
ric factors  of  a powder.  This  is  the  reason  for  consid- 
ering this  function  as  the  expression  of  the  basic  exper- 
imental, physical  law  of  the  burning  process.  Ths  fol- 
lowing three  curves  present  the  characteristics  «f  the 
actual  burning  of  powder: 


11*2 


r-  M+J  ; r*  £((■); 

and;  £(*)• 

m 

Graphs  (Fig.  46,  47,  48,  49)  present  pressure  - time 
ourves  (solid  lines)  and  r curves  in  dotted  lines,  for 
the  following  powders:  Fig.  46  - tubular  powder; 

Fig.  47  - strip  powder;  Fig.  48  - 7-perforation  grain 
powder  and  Fig.  49  - Kisnemsky’a  powder  with  36  perfora- 
tions. 


Fig.  46-  Characteristic  (P, t)  for  the  tubular  powder. 
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Jig.  47-  Characteristic  (F,t)  for  the  strip  powder. 


Ho-  48  - 


Characteristic  { J*;t- ) for  a 7 perforation 
grain. 
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fig.  49-  Curve  ( fi»  t)  for  Kisremsky's  grain  with 
3o  channels.  pS>f 

Considering  the  value  / s at  the  con- 

stant U.  we  may  expect  that  /*  far  strips  and  plates 
will  start  at  its  maximum  and  very  slowly  will  fall  down 

s* 

to  its  minimum  value  ahcut  * 0.90.  But  the  ex- 

perimental  curves  all  show  their  starts  at  small  initial 
values,  then  they  reaoh  thexr  maximum  at  the  pressures 
150-170  kg, /cm8  and  a:;?ter  a gradual  depression  they 
sharply  fall  down  at  the  moment  of  time  corresponding  to 
the  point  of  inflexion  at  the  pressure  curve-.. 

for  the  multiperfo rated  powders  (fig.  48  and  49) 
these  deviations  of  curves  from  the  theoretical  patterns 


are  still  more  noticeable 
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The  beginning  of  the  final  sharp  downgrade  corres- 
ponds to  the  beginning  of  the  fragmentation  cf  the  grains 
into  slivers  and  the  resulting  more  degressive  burning  of 
these  sharp-edged  minute  remnants. 

Thus,  generally  speaking,  the  perforated  grains  burn 
after  the  pressure  reaohes  £00  kg. /cm  as  if  their  burn- 
ing surface  was  decreasing  all  the  time  whereas  theoret- 
ically this  surface  should  be  increased  up  to  the  moment 
of  fragmentation. 


A more  detailed  comparison  of  theoretioal  and  exper- 

jjDBOKU.  ud  mi  udu  bo  iuauS  Using  CiuVoS  { } instead 

of  ( r,t  ).  Corves  ) are  somewhat  distroted  in  the 


direction  of  the  t-axis;  the  intervals  closer  to  the  be- 


ginning with  lower  pressures  are  stretched  and  intervals 
•loser  to  the  last  higher  pressures  are  compressed. 


fig  50  - Curve  for  tubular  powder. 
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Fig.  53  - Curve  (rt4)  for  ffisntmsky't  grain 

with  36  ekannele 

The  curves  ( Hi*)  ere  shewn  in  solid  line  at 
Fig.  50,  51,  52,  53  together  with  thearetioal 

T A*  St 

S 

(dotted  lines)  whioh  have  their  varied  in  accor- 

«» 

dance  with  the  geometric  law  with  M,-  0.075  mm/ sec.  for 
pyroxylin  powders.  For  tubular  and  laminar  powders 
(Fig.  50,  51)  w«  have  4 distinctly  different  sections. 

Section  It  Tbs  curve  starts  not  from  the  maximum 
but  from  tiie  small  initial  value  growing  rapidly  up  to 
the  maximum  (at  * 0,05  - 0.08)  which  is  considerably 
larger  than  the  theoretical  at  the  beginning  ( f = 0) . 

Section  lit  is  a smooth  fall  in  f9  to  the  theoret- 
ical curve;  there  is  an  interval  of  the  accelerated  burn- 
ing (with  the  “hump*')  from  f = 0.005  - 0.03  to  f = 0 30. 
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Saotlon  Ills  represents  normal  burnings  in  accordance 
with  the  theoretical  geometric  law?  here  (Ovaries  from 
0.30  to  0.85  - 0.90. 

In  Seotion  IV  the  experimental  curve  falls  sharply, 
down  from  the  theoretical  to  /**  0 at  1.  Curves 

ir,t  ) for  the  aultiperfcratsd  powders  are  shown  on 
Fig.  53  (7-perforation  grain)  and  Fig.  53  (Kisnemaky’s 
powder  with  35  perforations).  These  curves  are  even  mors 
distlnot  from  the  theoretical  ones;  besides  this  the 
down-grade  (without  any  sharp  turning  point)  at  the  be- 
ginning of  fragmentation  starts  at  - 0.70  - 0,75  and 
fragoiB utation  itself  .is  more  gradual  and  moderate  on 
acoount  of  different  webs  sizes  - a partial  fragmenta- 
tion starts  when  the  smallest  webs  are  burned  out.  then 
the  webs  cf  the  next  size  bum.  etc.  thus  the  progressive 
burning  prooeeds  along  together  with  the  degressive  burn- 
ing of  slivers. 
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Chapter1*^"'  Ballistic  Analysis  cf  the  Actual  Burning 

of  Powder. 

mmmm-  : * T r"  ' " 

. 1 - Experiments  investigating  ignition  of 
powders.  The  time  (in  sec*},  of  the  complete  burning  of 
powder  is  given  bys  £ * &303  C log  ( (~!J  ....  (40) 

4i 

under  the  condition  cf  the  instantaneous  ignition  cf  the 
whole  powder  (here  ^ is  initial  pressure  produced  by 
the  igniter).  Calculations  of  t for  A=  0.20; 

P_—  p.*2000  kg/cm*  and  />  varying  from  20  up  to 
140  kg/cm8  are  given  in  the  following  Table  14. 

Table  14  (theoretical) 

/>  leg/om*  i 20  40  60  120 

t sec.  : 0.0140  0.0119  0.0107  0.0087 

H 

. 

wjrr  • 1-61  1.37  1.23  1.00 

lC«hu 

This  table  shews  that  theoretically  by  decreasing 
from  120  kg/cm*  to  20  kg/om8  , we  will  increase  the  time 
of  the  complete  burning  at  61JC.  Whereas  the  experimental 
results  with  the  same  igniter  pressure  give  entirely  dif- 
ferent effects. 
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In  tbs  manometric  bonb  with  A * 0.20  end  with  the 
amounts  of  igniting  dry  pyroxylin  powder  produoing  the 
same  pressures  jf|  as  they  are  in  Table  14  and  using  a 
charge  of  the  strip  powder  with  web  J ?^=  1 m/m  (148x40) 

the  following  results  were  obtained  as  they  are  shown  in 
Table  15. 

Table  15  (experimental) 


S/cm*  : 
Table  14 ) ; 


\ 


£0 

0.0140 

3.11 


40  60  120 

0.0119  0.0107  0.0087 

1.78  1.48  1.00 


Analogous  results  have  been  obtained  with  other  ig- 
niters. 

Theoretical  curves  ( £ ) on  the  whole  course  of 

burning  after  the  instantaneous  ignition  must  begin  at 
their  maximum  value  and  the  shapes  of  these  curves  must 
not  be  affeoted  by  the  amount  of  powders  in  the  igniter 
because  regardless  of  the  value  of  after  the  instan- 

taneous ignition  of  the  whole  surface,  its  burning  will 
proceed  in  aueh  a way  that  only  the  lengths  of  curves  will 
be  shorter  at  the  higher  igniter  pressures.  Fig.  54  shows 
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this  for  the  b = 20  kg/cm8, 

19 

/?  * 120  kg/cm8., 


I 


= 50  kg/cm8 


and 


Fig.  54.  Theoretical  curves  ( /"*,  t ) at  various  f) 

Zd&a. nd  /j?0<§Lv 

Xxperi mental  curves  for  and  /%/  for  various 

igniters  pressures;  1 - far  £ = 20  kg/cm8;  2 - far 
^ » 50  kg/cm*  and  3 - for  120  kg/cm2  are  shewn  in 
Fig.  55  v,’hs rc , using  the  same  soals  for  t the  curves 
(pt)  are  drawn  at  upper  part  and  { F,t  ) at  tbe  lower 
part  marked  accordingly  by  1,  2 and  3. 


o* 
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Fig.  55  - Upper  part,  experimental  curves  (p,t) 

Lower  part,  experimental  curves  (At) 

1 * 20;  2 - at  p « 50;  3 - at  fa  = 120 

* . • kg. /cm*. 

At  the  lowest  igniter  pressures  20  kg/cm*  the  curve 
F(t)  (marked  by  1)  begins  at  a very  small  crdinate  and 
gradually  goes  up  until  the  powder  pressure  is  about 
22B  kg/ow*  "ben  s very  steep  rise  follows  to  the  maximum 
with  immediate  dropping  down  to  0.  The  gradual  initial 
inorease  in  ordinates  is  indicated  on  the  gradual  in- 
crease of  burning  surface  i.e,,  its  gradual  ignition. 

Curves  / ^/marked  by  2 ( =40  kg/cmB)  in  dotted 

line  has  a larger  initial  ordinate,  a shorter  length  of 
the  interval  correspond  irg  to  the  gradual  (and  steeper) 
rising  to  * he  same  maximum  as  on  the  curve  1 and  almost 
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identical  course  at  falling  down  to  zero  - as  if  curve  1 
was  simply  removed  to  the  left  along  the  time  scale > 
which  means  that  a larger  initial  warning  surface  takes 
place  in  this  case  in  comparison  with  curve  1.  Curve  3 
(with  the  weight  of  igniter  6 times  larger  than  in  oase  1, 
and  with  igniter  pressure  ^ * 180  kg/cm8.)  begins  with 
the  same  maximum  as  the  preceding  ourves  and  with  the 
same  shape  of  falling  down  to  zero. 

These  results  dearly  show  that  only  at  the  Igniter 
pressure  p __  120  kg/cm8  may  we  have  almost  instantaneous 
ignition,  but  in  the  artillery  practice  the  igniter 
pressures  arc  never  higher  than  40-50  kg/om8  and  as  nor- 
mally 10-25  kg/oma;  so  that  ignition  cannot  be  assumed  to 
be  instantaneous.  The  ourves  F( ft)  constructed  for 

the  cases  presented  in  Table  15.  i „ a for  the  igniter 
pressures  20,  40,  60  and  120  kg/cm*  are  shown  in  Pig.  56. 
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These  curves  are  analogous  to  curves  "fCty 

for  strip  powder  but  there  are  certain  deviations;  P(tj 
maximum  removes  from  y*  O.i  to  y - G.G5,  and  the 
final  downgrade  also  moves  from  jp  = 0.85  toward  the  end. 
These  peculiarities  show  that;  (1)  not  before  5#  or  10}t 
of  the  whole  charge  is  burned,  is  the  whole  surface  of 
the  powder  ignited;  and  (2)  the  larger  the  igniting  charge 
the  quicker  is  the  ignition  flame  spread  over  the  whole 
surface,  and  the  more  time  elapses  before  the  beginning 
of  fragmentation  and  final  burning  of  slivers.  These 
points  of  the  beginning  of  the  fragmentation  correspond^ 
to  the  points  of  inflexion  of  (pt)  curves  which  are  ob- 
tained at  4>  - 0.85,  at  * 0.875,  at  f = 0.90  and 
0.92  for  the  correeponding  igniting  charges 


?.  sJi  . and  a/.!.  . which  means  that  the  smaller  the 

igniting  charge  is,  the  longer  the  time  for  the  ignition 
of  the  whole  surface  is,  the  more  webs  become  varied  and 
the  shorter  time  is  required  for  fragmentation  at  the 
point  d'f  inflexion  for  curve  (pt). 

The  exponent  |3  (48)  in  the  function  of  form  is 


Hence  this  coefficient  will  be  for  our  four  cases; 

(1)  (3=  0.16;  (2)  = 0.14;  (3)  f = 0.11  and  (4)  « =0.09. 
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The  greater  is,  the  more  degressive  is  burning  (the 
change  from  the  curve  4 to  the  curve  1.) 

The  experiments  shew  that  a non- instantaneous  igni- 
tion is  mare  pronounced  at  smaller  igniting  charges. 

Comparing  diagrams  of  Fig.  56  with  those  of  Fig.  45 
(graph  of  the  -function  of  for-u?},  v»e  sss  that  the 
"function  of  form?*  for  the  cases  when  f3  * 0.2  ( £ 3 20 
kg/ cm*)  is  very  dose  to  rtv  marked  1 at  their  middle 
parts  and  ends  but  are  essentially  different  in  their 
initial  part  ( ^ * 0):  (1)  /*(+)  has  its  initial 

rise  which  is  absent  in  theTunotion  of  form?*; 

4=  (1-+/:  (/-«** 

and  (2):  there  is  a noticeable  •hump"  in  ordinates  in  the 
interval  from  f * 0,1  to  ^ = o.3  over  the  ordinates 
at  the  same  interval  of  jt  in  the  "function  of  form*. 
This  abnormal  increase  in  the  ordinates  in  r&>  was  un- 
known to  earlier  investigators  but  at  present  this  par- 
tic  ulaf  part  of  the  curve  Fft)  shows  the  effect  of 
the  gradual  ignition,  l.e.,  of  a gradual  increase  in  the 
burning  surface  of  the  powder,  and  proves  the  non-exis- 
tence of  the  instantaneous  ignition  of  the  igniter 
pressures  lower  than  120-ibo  £g/cm». 
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Using  the  igniters  made  of  black  powder  and  pyroxylin 
producing  the  same  ^ we  will  find  that  the  ignition  of 
black  powder  is  mere  intensive  because  this  ignition  is  a 
result  of  action  not  only  of  hot  gaseous  molecules  but  of 
the  hot  solid  particles  absent  in  the  pyroxylin  igniter. 

lfc.2  Nature  of  "The  Hump".  This  "hump"  in  Section  II 
{rig.  51  and  56}  of  the  experimental  Ffy}  curves  over 
the  smooth  contours  of  theoretical  curves  of  the  "function 
of  form"  can  be  found  in  smokeless  powders  with  volatile 
solvent. I Powders  with  solid  solvent  (trotyl  + pyroxylin) 
are  burning  closer  to  the  geo  me  trio  law  and  their  ourves 
P(t)  b*T.  almost  no  humps. 

Let  us  consider  two  tubular  powders  of  the  same  di- 
mensions; ore  powder  (1)  is  prepared  with  volatile  sol- 
vent, another  (2)  with  the  solid  solvent. 

Since  the  geometric  factors  are  identical  in  both 
powders  their  /"»  U,  may  be  affected  only  by  the 

value  of  u,  (burning  rate  at  the  unit  pressure).  Both 
ourves  marked  1 ail  2 are  shown  in  Pig.  57.  Curve/has  a 
very  pronounced  hump,  curve  2 has  hardly  any. 

* Powders  with  .larger  webs  have  larger  "humps".  Pyrox- 
ylin powders  have  larger  "hump"  than  nitroglycerine 
powders. 
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Fig.  57.  The  intenalveness  of  gas  formation 
for  two  chemically  different  powders 
of  the  same  dimensions. 

1 - volatile  solvent 

2 - solid  solvent 

Differences  in  ordinates  of  these  curves  in  the  in- 
tervals of  from  0.1  to  0.3  are  attributed  to  differ- 
ences in  the  burning  rates  ui  and  this  difference  in  u*. 
is  explainable  by  the  more  noticeable  heterogeneity  of 
the  mass  in  the  powder  (1)  than  in  powder  (2).  Powder 
with  volatile  solvent  is  washed  for  a long  time  in  wat«„-j 
during  this  process  the  powder  becotass  more  porous  and 
its  Ui  is  increased  over  ths  outer  layers.  Wien  burning 
penetrates  into  deeper  layers,  u*  becomes  lower.  The  in- 
ner parts  of  powder  grain  are  not  affected  by  water  and 
are  burned  normally. 
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Powders  with  the  solid  solvent  are  more  homogeneous 
but  some  increase  in  ui  during  the  initial  intervals  when 
the  powder  pressure  is  not  high  (lower  than  500  kg/oms) 


oan  be  produced  by  more  intensive  heating  through  the 
outer  layers.  When  the  pressure  goes  over  500  kg/cm8,  % 
the  heatiig  through  the  outer  layers  is  not  so  intensive 
and  not  SO  . and  ii,  hfift nmfin  small er  and  PM 


falls  down.  This  explanation  was  suggested  by  M.  Serebry- 
akov in  1937,  and  verified  later  on  by  Prof.  J,  B. 
Zeldovich  in  194E,  but  a general  theoretical  and  detailed 
^experimental  investigation  of  this  problem  is  still  in 
process  of  development.  At  any  rate  one  causative  defin- 
ition of  the  humped  part  of  the  rw  ourve  for 
powders  with  volatile  solvent  is  thi3j  This  exoessive 
growth  of  the  ordinates  is  produced  by  the  accelerated 
burning  of  the  outer  layers  of  powder  at  the  lower  gas 
pressures,  mostly  observable  in  the  case  of  powders  with 
volatile  solvent.  The  larger  the  web  size,  the  smaller 
3s. ui,  the  more  pronounced  is  the  hump  of  the  curve. 

At  pressures  higher  than  500  kg/ cm8  and  with  increas- 
ing Ui,  the  humps  are  tapered  down  to  zero. 

The  following  empirical  formula  was  developed  from 


experimental  data; 
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, -a*7 

U'-zW't 


here:  U\  » burnirg  rats  of  the  o"ter  layer; 

almost  for  all  pyroxylin  powders  ^ * 0.0000120  - 
0.0000126  

z - relative  thioknesa  of  the  burned  layer,  which 
for  tubular  and  strip  powder  ia  nearly  (for  tubular 
powder  z * ) 

a - ohara oteriatio  of  the  decreasing  rate  of  burning 
given  by  for aula: 


u - a constant  rate  of  burning  of  the  inner  layers 
after  z * z0. 

This  formula  ia  good  enough  for  z varying  from  z = 0 
to  z * 0.3. 

Fig.  58  shows  curves  ui(z)  for  the  two  different 
powders:  one  powder  s/7  : 2 ex  = 1 m/m;  ui  = 0.0000120 

Ux  * 0.0000075;  a = 0.858,  Another  powder  contains 

a larger  emount  of  volatiles  than  p'^wder  S/7  and  its 
average  Ux  (0.0000080/  is  lower  than  ux  of  powder  S/7. 

On  the  other  hand  -jowder  Q/fl  with  its  thick  web  (6  m/m) 
was  washed  in  water  much  longer  than  powder  S/7  and  its  ux 
of  the  outer  layers  is  0.0000125  higher  than  wx  for  powder 

s n . 
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Fig.  58  Variations  in  Ui  for  powders  S/f  and  a,* 
Solid  line  - powder  8/4 
Dotted  line  - powder  3FJ 

For  powders  with  a volatile  solvent  their  rate  of 
burning  is  not  constant  but  is  higher  for  the  outer  lay- 
ers than  far  the  inner  ones  where  it  finally  becomes  con- 
stant. This  makes  the  burning  of  these  powders  more  de- 
gressive than  would  be  expected  on  the  basis  of  a constant 
rate  of  bc.'ning  and  purely  geometric  changes  in  surface  S. 

Thus  if  the  deviations  from  the  geometric  law  are 
caused  by  the  heterogeneity  of  mass  of  powder  and  by  var- 
iations in  the  thickness  of  powder  grains,  then  we  may 
question  whether  it  is  possible  or  not  to  have  our  $*(&) 
curve  without  its  hump,  and  if  it  is  possible  at  all  to 
realize  experimentally  the  geometric  law  of  burning. 
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To  answer  these  questions  a special  experiment  was 
conducted  with  a pcwder  charge  made  in  farm  of  a rod  with 
rounded  ends  of  7.5  mm  diameter  and  42  mm  length.  The 
powder  used  for  the  experiment  was  without  any  solvent. 
This  charge  was  placed  in  the  middle  of  she  bomb  having 
its  inner  volume  of  21.5  om».  Thus  the  very  best  require- 
ments in  reaps ot  to  uniformity  and  equality  of  all  condi- 
tions of  burning  were  met. 

The  Igniter  was  able  to  develop  its  pressure  p^  = 
s&60  kg/cm2,  guaranteeing  instantaneous  ignition. 


rig.  5S 


Experimental  curve 


in  solid  line 


Geome  trie  law  curve  - in  dotted  line 
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Fig.  59  shows  the  / ( ff / curve  obtained  in  this  ease 
without  any  hump  together  with  the  curve  calculated  on  the 
basis  of  the  geometric  law  for  * 0.069  mm/ sec.  This 
result  gives  a definite  answer  to  the  above  questions.  It 
is  possible  to  realize  the  burning  in  perfect  agreement 
with  the  geometric  law.  But  in  practice  we  always  have 
powder  with  volatile  solvent*  our  actual  charges  are  placed 
within  their  ehafibers  without  any  special  precautions  of 
guaranteeing  the  unrestricted  uniformity  and  easiness  of 
gas  formation  and  gas  motion.  On  aocount  of  these  unavoid- 
able practical  complications  of  the  total  circumstances 
surrounding  the  process  of  burning  of  powders  in  guns,  the 
geometric  law  of  burning  cannot  be  realized  and  all  devia- 
tions from  this  law  are  the  more  noticeable  the  more  are 
the  difference  between  conditions  of  burning  in  the  differ- 
ent parts 'of  a powder  chamber. 


|pf.3  The  point  of  inflexion  on  the  (p,t)  curve.  From 
formula  (49);  ^ pj 

d6  /-«&  e,  s, / J 


<$) 


con- 


and  for  tubular  or  strip  powders  which  have 
stant  for  all  increasing  p’a/llf^  must  be  increased  to 
the  end  of  burning.  But  the  numerous  experiments  show 
that  for  these  powders  the  curve  (pt)  always  has  a point 

m 

of  inflexion  after  which  (»  is  decreased  and  sometimes 
beoomes  zero. 

Oharbonnier  used  the  location  of  this  point  for  de- 
termini^  the  exponent  ; <3  = 

1 Pi 

At  the  point  of  inflexion  * 0*  this  means  that 

in  (49),  *p  must  be  constant  at  the  moment  when 

p - pj j therefore  at  this  point  S,  a burning  surface  must 
be  rapidly  decreasing  beoause  pressure  p is  rapidly  in- 
creased. If  the  rate  of  decrease  in  3 is  greater  than 
then  Sp  and  (~j£)  will  be  decreased  and  the  curve  (pt) 
will  have  its  curvature  changed,  i.e.,  (pt)  curve  will  be 
bent  down. 

Such  curves  are  observed  for  mult iperf orated  powders 


whose  burning  surface  decreases  rapidly  after  the  frag- 
mentation of  grains. 
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By  the  proper  selection  of  equal  webs  of  strip  powder 
and  by  special  arrangement  of  mutual  positions  of  strips 
in  a charge,  it  becomes  possible  to  help  the  ignition 
(with  high  pressure  p0)  to  spread  at  once  over  the  whole 
surface  of  powder.  And  then  the  curve  (pt)  will  not  have 
any  point  of  inflexion  and  will  proceed  with  it^y.^!.  ) 
increasing  to  the  end. 

And,  inversely  by  selecting  strips  with  varying  webs, 
it  is  possible  to  obtain  the  Inflexion  point  even  much 
earlier  (for  lower  p^. 

It  is  even  possible  by  using  combination  of  strips 
of  various. powders,  to  transform,  the  (pt)  curves  at  the 
long  interval  into  a straight  line  as  the  continuous  row 
of  inflexion  points. 

The  following  Table  16  presents  some  of  the  experimen- 
tal results  obtained  by  M.  E.  Serebryakov  in  his  investi- 
gations of  factors  producing  the  points  of  inflexion. 
(Powder  Cfl  » 4 = 0.20;  the  igniter  dry  pyroxylin; 

W0=  78.5  cm  .)  Experiment  No.  1;  Strips  with  varying  webs, 
igniter  very  weak  (20  kg/cm8,).  Experiment  No.  2:  Strips 
with  strictly  constant  webs,  the  same  igniter.  Experiment 
No.  5;  The  3ame  strips  as  in  No.  2,  with  the  strong  ig- 
niter (p  = 125  kg/ cm2), 

B 
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, Table  16 

W0  * 78.5  cm  . 


Curves  (p,t)  ( T,t)  and  ) are  given  In  Fig.  60 

(only  No.l  and  No.  3)  and  Fig.  61. 


In  experiment  No.  1,  the  curve  (pt)  after  the  point 
of  inflexion  smoothly  changes  its  curvature  with  its 
<&>  nearing  0 at  tfc.  In  experiment  No.  3,  the  ignition 
is  instantaneous,  point  of  inflexion  is  moved  to  the  end 
of  the  curve. 


Ilasliii 
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Conclusions: 

1)  The  point  of  Inflexion  marks  a sudden  decrease  in 
the  burning  surface  cf  a powder; 

2)  The  location  ctf  the  point "of  inflexion  depends  on 
the  degree  of  uniformity  in  tbs  sizes  of  webs  of  laminar 
or  tubular  powders  at  the  last  phases  of  burning. 

3)  By  the  proper  selection  of  the  conditions  of  igni- 
tion and  sizes  of  webs  the  looation  of  the  point  of  in- 
flexion can  be  widely  moved  on  the  (pt)  curve. 

This  point  always  is  a result  cf  the  irregularity  of 
web  sizes  and  in  multi perforated  powder  it  follows  the 
sharp  decrease  of  the  burning  surface  of  slivers. 

#.4  On  the  rapid  decrease  cf  the  intensiveness,  of  gas 
formation  in  the  last  phases  of  burning.  For  the  degres- 
sive powders  their  experimental  curves  m are  almost 
identical  in  their  middle  sections  from  ^ * 0.3  to  *1*  * 

0.8  - 0.9;  then  the  experimental  curves  begin  their  steep 
downgrades  to  0 at  ^ = 1, 

This  is  thB  result  of  the  variety  in  web  sizes  in 
powder  grain  "(strips).  The  smaller  the  web  of  a strip, 
the  quicker  this  plate  burns  out,  and  at  the  end  of  burn- 
ing the  decrease  in  burning  is  very  abrupt  and  the  func- 
tion /7s4"IU(  rapidly  falls. 

* /St  O/ 
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The  more  varied  are  the  web  sizes,  the  sooner  occurs 
the  deorease  in  the  intensiveness  of  gas  formation.  It 
ie  also  not  amiss  to  note  that  even  over  the  surface  of  a 
single  strip  its  webs  as  a rule  are  larger  in  their  middle 
parte  and  smaller  along  the  edges  of  a strip  (as  a result 
of  the  drying  process). 

In  tubular  powders  an  even  wider  variety  in  the  web 
sizes  is  produced  by  the  eccentricity  of  the  inner  and 
outer  surfaces.  This  oan  be  seen  in  Fig.  61. 

The  following  Table  17  shows  the  results  of  oalcula- 

Hn„o  rr  //  . 

won.  <r  l - -pc,  s,—  ■ A,  — 


for  the  charge  of  strip  powder  with  varied  webs  from  0.92 
mm.  to  1.7  mm.  All  strips  have  been  distributed  in  six 
groups  as  shown  in  Table  17;  15#  with  2e,  * 0.92;  15# 
with  2e,  » 1,12  and  15#  with  2e,  = 1.17.  Average  2e,  * 
1.05  mm. 

Theoretically  far  the  powder  with  the  constant  aver- 

c 

age  web,  the  ratio  varies  during  the  burning  from 

2.07  to  1*76  mm* /mm*,  and  the  function  H from  0.100  to 
0.136  at  Ua  = 0.0775  mm/sec. 
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Table  17 


Wo.  of  ~” 
Groups  : 

1 

2 

3 4 

5 6 

marks 

Web  2«i  : 
jam 

0.92 

0.97  1, 

,02  1.07 

1.12  1.17 

(2ex) 

aver, 

1.05 

_ M — i.^4  vs 

OX  OV*Aj.p 

with  their 
web  2e* 
in  a total 
charge 

i 15* 

15* 

20*  30* 

15*  15* 

0.894 

0.931 
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0.994  1.000 
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0.263  0 
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etioal/^ 
at  the 
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ning 

$avei^. 

0.160. 

0.118 

0.097 
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0.020  0 

The  or-  „ 
etical/7 
at  the 
end 

C n) 

aver. 

(curve  2 on  Fig.  62) 

0.136 

Fig,  62  shows  theoretical  curve  for 


(la  dotted 


line)  marked  1,  The  ascend  lag  part  of  the  curve  marked  2 
(in  dotted  line  with  circles)  represents  the  results 
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calculated  in  Table  17  and  a solid  curve  nr.  rice d 3 is  ob- 
tained from  tie  results  given  by  the  experiments  in  the 
na nometric  bomb* 

A very  good  fitting  of  curves  2 and  3 is  somewhat  dis- 
torted at  the  end  because  the  Igniter  was  not  strong  and 
a slowed  down  ignition  increased  the  actual  deviations  in 
webs  beyond  the  prescribed  limits  shewn  in  Table  17. 

The  results  shown  above  can  be  summed  up  as  follows; 

1)  A very  steep  rise  of  the  curve  / in  the  be- 

ginning is  a result  of  the  gradual  ignition.  The  instan- 
taneous ignition  and  the  t ginning  of  the  curve  PC*) 
with  its  maximum  can  be  obtained  only  with  the  high  pres- 
sure igniter  (120-150  kg/om*). 

2)  The  •hump"  of  the  curve  rc+)  is  an  indication  of 
accelerated  burning  at  lower  pressures  in  the  presence  of 
uneven  sizes  of  webs  and  also  a result  of  washing  out  in 
water  of  the  volatile  solvent  and  intensified  heating  at 
the  low  rate  cf  burning. 

3)  An  inflexion  point  on  the  (pt)  curve  and  a corres- 
ponding sharp  decline  of  the  intensiveness  of  gasifica- 
tion at  the  end  of  burning  are  produced  by  the  uneven 
burnings  of  various  webs  of  the  powder,  The  snail  igniter 
and  a large  variety  of  webs  produce  the  inflexion  points 
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earlier  than  they  are  produced  (if  at  all)  by  the  stronger 
igniter  and  even  sizes  of  webs. 

i 

IfU 5 Application  of  ballistic  analysis.  A progressive 
burning  of  powder  can  be  attained  by  the  process  of  phleg- 
matization,  i.e,f  by  the  infusion  of  certain  rants  rial  re- 
tarding the  rate  of  burnings  of  the  outer  layers.  The 

e 

distribution  of  the  phlegmatizer  in  powder  grain  must  not 
be  uniform  - its  concentration  in  the  powder  mass  should 
deorease  from  the  outer  aurfaoe  to  the  inner  layers.  '?•' 
Thus  the  rate  of  burning  u*  (at  p * 1 kg/om8)  depending 
on  the- nature  of  the  powder  will  be  gradually  increasing 
from  its  minimum  on  the  outer  surface  to  its  maximum  in 
tha  depth  of  a grain  and  this  process  is  controlled  not  b 
by  the  shape  of  a powder  but  by  the  particular  chemical 
composition  of  the  mass  of  powder. 

The  process  of  phlegmatization,  like  every  other  tech- 
nological process,  is  liable  to  be  imperfect  within  cer- 
tain limits  and  insufficient  phlegms tizati on  can  be  just 
as  undesirable  as  over  phlegma  tizati  on,  going  through  the 
whole  mass  of  a grain  and  making  the  whole  of  it  a slow 
burning  grain  but  not  a progressively  burning  one. 

Hence  a very  important  practical  problem  arises  - the 
problem  of  the  determination  of  the  actual  depth  of  grain 
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affected  by  the  presenoe  oar  phlegmatization.  The  simplest 
procedure  consists  in  coloring  the  mass  of  phlegmatizer 
with  fuchsia;  after  the  process  of  phlegmatization  is  over, 
a dry  powder  grain  is  dissected  and  under  the  microscope 
the  thickness  of  the  colored  layer  is  msaaured.  But  this 
method  is  not  a very  accurate  one  because  the  fuchsin  and 
phlegmatizer  have  different  penetrating  powers;  besides 
this,  a measured  depth  of  penetration  contains  no  informa- 
tion concerning  the  character  of  distribution  of  phlegma- 
tizution  in  a powder. 

The  use  of  experiments  in  the  manoraetric  bomb  and 
their  analysis  by  means  of  the  function  rfyj  give  results 
very  accurately  representing  the  real  nature  of  the  dis- 
tribution of  phlegmatization  within  the  grain,  and  its 
effect  on  the  rate  of  burning. 

lig.  63  p?  esents  two  curves  rm  for  seven  perfora- 
tion powder  grain.  Curve  1 is  computed  from  an  experi- 
ment in  the  manometric  bomb  with  powder  without  phlegma- 
tizer  3*  its  mass;  curve  2 (in  dotted  xiha)  is  computed 
from  an  ezperiuent  in  the  manometric  bomb  with  phlegma- 
ti&ed  powder.  Curve  1 is  a regalar  P(Sf)  curve  havint  its 
hump  and  depression  at  ^ = 0.50;  tat  curve  2 has  no  hump, 
its  ordinates  are  increased  from  the  lower  initial  value 
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of  r up  to  P equal  to  of  the  curve  1 (at  ^ * 0.50) 
and  for  the  larger  ^ both  curves  beoome  identical. 

This  picture  says  that  the  phlegmatization  is  active 
till  * 0.5  is  reached,  i.e.,  pcwder  is  burnii«  pro- 
gressively until  the  half  of  a grain  is  burned. 

Since  both  grains  in  this  experiment  have  the  same 
size  and  shape,  their  functions  P*  * P contain  only 
facturs  (uj.)i  and  (ux)s  which  are  different. 

So  we  have:  (%  u>)\  (u,)A 

Taking  this  ratio  from  the  curves  1 and  2,  we  may 
draw  the  ourve  shown  on  Fig.  64  which  represents  the  rel- 
ative variation  cf  the  rate  of  burnii^  affected  by  the 
phlegma  tization. 


Fig.  63  Curves  //^before  (1)  and  after 
phlegma tization  of  powder. 
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?ig.  64 

Batio  of  rates  of  bumiig  (ui|«  taken  f 

(Ui)i 

ourves  in  Mg.  63. 


rom  the 


This  curve  shows  that  the  phlegms tizati on  is  strong 
(its  concentration  is  high)  at  the  outer  surface  ufaere 
the  rate  (ux)b  ie  a fraction  of  (ux)x  and  at  * 0.50, 
(ux)jt  heoomes  equal  to  (ux)x  whioh  means  that  phlegmatiz- 
ation  does  not  penetrate  deeper  than  the  surface  of  grain 
holding  one  half  of  the  weight  of  grain. 

Thus  by  using  phlegmatizatica,  it  is  possible  to  cut 
down  the  intensiveness  of  gas  formation  during  the  first 
half  of  the  burning  process;  the  practical  signif icanye 
of  this  result  is  tha  possibility  of  an  increase  in  the 
powder  charge  without  any  increase  in  the  maximum  pres- 
sure, but  with  an  increase  of  the  muzzle  velocity. 
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But  phlegmatization  also  cuts  down  the  fores,  f , of 
powder;  therefore,  a certain  part  of  our  increase  in  tht 
powder  charge  will  work  on  the  preservation  of  the  same 
muzzle  velocity  which  waa  attained  by  the  unphlegmatized 
powder,  hut  still  we  will  have  some  gain  in  havirg  lower 
maximum  pressure. 

Making  comparative  experiments  with  powder  which  is 
uniformly  permeated  with  the  phlegmatizer  and  a powder  in 
which  the  concentration  ox  phlegmatization  varies  from 
one  layer  to  another,  we  may  determine  how  this  later 
phlegmatizaticn  is  numerically  distributed  from  one  layer 
to  another. 


By  prolonging  the  process  of  phlegmatizaticn  for  a 
long  enough  tine , we  nay  oo ta  In  a powder  so  unifcrmxy 
phlegmatized  through  its  whole  web  that  this  powder  will 
be  a slow  burning  but  not  a progressive  one. 

An  analysis  made  by  means  of  the  application  of  the 
function  has  disclosed  that  the  British  tubular  cor- 
dite, despite  its  degressive  form  after  burning  up  to 
0.3,  becomes  a progressively  burning  powder. 

Special  experiments  show  that  a freshly  prepared  cor- 
dite, after  the  rsnoval  of  the  excess  of  its  solvent 


(aoetone),  produces  a regutor 


curve  identical  with 


3.77 


the  curve  obtained  for  tubular  pyroxylin  powder  (see 
Tig.  65).  But  after  keeping  this  powder  in  the  thermos- 
tat at  50*0.#  we  will  find  that  its  "farce*  is  decreased 
and  the  ordinates  of  its  curve  rev  (curve  2)  after  the 
hump  anl  depression  will  be  again  increased  along  the  in- 
terval of  J from  0.3  up  to  0.9  and  then  will  sharply 
fall  to  zero. 


Fig,  65  Curves  r(t)  for  nitroglycerine  powder 

(cordite) 

Curve  1 - freshly  prepared  cordite  after  removal  of 
excess  aoetone. 

Curve  2 - the  same  cordite  after  keeping  in  thermostat 
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The  narked  drop  in  f shows  that  the  powder  lost  some 
of  its  nitroglycerine  through  its  outer  surfaoe  when 
heated  up  to  50*  C.  The  remaining  nitroglycerine  has 
been  redistributed  along  the  thickness  of  a grain. 

Since  the  rate  of  burning  of  a layer  depends  on  the 


amount  of  nitroglycerine  in  this  layer  we  observe  the  in- 
crease of  the  rate  of  burning  with  the  penetration  of 
burning  in  the  inner  layers  of  a grain  and  as  a final  re- 
sult the  ordinates  cf  H are  increased  and  the  burning 
beoomes  progressive. 


-i  4-  4-  Vu%  1ov>r*4-V>  P ml  mnA  A ftf 

xoB  eonoiuoxou  a©  uua  v -*sn0 sm.  ^ — - — — — 

keeping  the  powder  in  storage  may  affect  the  character  of 
the  burning  of  cordite  and  using  ths  function  r(*) 
as  a means  of  analysis#  it  is  possible  to  detect  any 
changes  in  the  character  of  burning  of  a powder. 
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Chapter  3 - Special  [Features  of  Burning  of  Multiperfor- 
ated  Powders 

We  have  already  seen  (Figures  48,  49,  52,  53)  that  the 
experimental  curves  H^for  the  multiperforated  powders 
deviate  more  markedly  from  the  theoretical  geometric  law 
than  the  experimental  rc«  curves  for  the  powders  with 
simpler  forms  of  grains  (strips,  tubes)  and  the  longer 
are  the  inner  ohannele  in  grain,  the  mare  conspicuous  are 
toBBo  deviations.  The  most  puzzling  facts  from  the  view- 
point of  the  geometrical  law  of  burning  are  the  degres- 
sive parts  c t the  experimental  fi^)  curves  for  the  pow- 
ders in  which  the  inner  surfaces  of  the  channels  in  accor- 
dance wife  the  theory  should  be  increased  during  the  burn- 
ing until  the  fragmentation  begins.  Thus  it  seems  that 
the  fragmentation  of  the  powder  grain  begins  immediately 
after  its  inflammation  and  then  the  slivers  have  their 
surfaces  burning  degressively.  Such  fragmentation  during 
the  initial  phass  of  burning  can  be  attributed  to  the  ac- 
celerated gas  formation  within  the  long  and  narrow  chan- 
nels, in  which  a higher  pressure  can  develop  with  the  re- 
sulting higher  rate  of  burning,  on  the  other  hand  the  re- 
sistance of  the  walls  of  grain  becomes  insufficient 
against  the  increased  pressure,  the  grain  is  crushed  and 
the  burning  csf  slivers  becomes  degressive. 
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Such  an  explanation  of  the  degressiveness  of  i 
curves  seemed  to  be  natural  and  acceptable  as  far  as  it 
deals  with  the  decreasing  burning  surface.  But  the  facts 
definitely  disagree  with  the  very  hypothesis  of  the  im- 
mediate fragmentation  during  the  initial  phase  of  burning; 
the  powder  grains  picked  up  from  the  ground  after  the  fir- 
ing show  very  convincingly  that  even  a very  considerable 
burning  out  of  the  inner  surfaoes  of  channels,  amounting 
to  of  the  total  mass  of  a grain  still  does  not  destroy 
the  grain.  This  fact  means  that  the  burnii^  process  in 
oase  of  the  multiperf orated  grains  is  much  more  complex 
process  requiring  a more  detailed  analysis  cf  the  specific 
factors  involved  in  the  process  cf  burnir«  of  the  multi- 
perforated  powders, 

3.1  The  influence  of  close  contaot  between  the 
burning  surfaces.  Two  strips  of  powder  can  burn  quietly 
beside  each  other  without  any  reciprocal  reaction,  but  if 
one  of  the  burning  strips  is  put  on  the  other,  mutual  in- 
terference begins  immediately.  The  burning  becomes  very 
intense;  gases  are  violently  ejected  from  the  cracks  all 
along  tis  contours  of  the  contiguous  surfaces.  Thus  we 
may  suppose  that  the  gas  pressure  between  the  strips  is 
markedly  raised.  In  order  to  verify  this  assumption, 
spscial  experiments  have  been  made. 
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Two  parallel  burnings  were  observed  in  a small  mano- 
metric  boob  with  W0  = 21.5  cm*.  (1)  For  the  first  burning 
two  "grains*  of  nitroglycerine  powder  (cordite)  were  used 
- one  grain  was  made  in  the  form  of  a tube,  another  in  the 
form  of  a rod  whioh  can  be  easily  inserted  in  that  tube 
but  during  the  first  burning  these  two  "grains*  lay  freely 
one  beside  the  other.  (2)  For  the  seoond  burning  the  rod 


was  put  Inside  the  tube.  The  results  are  reproduced  in 
Fig.  66,  curves  (p,t)  and  ( T >t)  marked  by  1 and  Z and 


Fig*  67,  curves  (r  $)•  Curve  (p,t}2  on  Fig. 


56  after 


P * 100  kg/om*  goes  all  the  time  above  ourve  ( pt ) 1 and 


curve  ( T »t)2  has  its  hump  in  the  beginning  of  its  rise 


almost  twice  as  high  in  eosparison  with  ( )1, 

Fig.  67  shows  also  almost  a doubled  hump  for  ( P^  )3 
at  j - 0.03  - 0.04  and  after-  y = C.C5  both  curves  are 


very  close  to  one  another. 
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This  experiment  with  a rod  burning  inside  a tube  was 
repeated,  in  the  open  air.  As  soon  as  both  ends  of  the 
tube  were. ignited  simultaneously,  the  rod  was  violently 
ejected  from  the  tube,  obviously  because  of  the  difference 
in  pressures  instantaneously  formed  at  the  ends  cf  that 
narrow  oraok  remaining  between  rod  and  tube. 

During  the  burning  in  the  bomb  the  analogous  ejection 
of  a rod  took  place  in  the  beginning  of  burning  at  s|i  * 
0.03  - 0.04;  a sudden  hump  on  «»  IW  was  formed,  but 
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restored  and  both  ourves  continued  their  parallel 
poursee. 

Besides  this  a somewhat  shorter  time  cf  burning  » 
0.0130  seo.  in  the  second  experiment  against  t^  * 0.0140 
in  the  first  une  shows  that  a mcr s intensive  burning  took 


place,  when  the  rod  was  inside  the  tube. 

These  experiments  are  particularly  interesting  and 
valuable  because  they  have  established  the  important  fact 
of  the  sudden  increase  of  the  gas  formation  caused  not  by 
the  increase  in  the  burning  surface  but  by  the  increase 
of  the  burning  rate  affected  by  the  excess  in  pressure  in- 
side the  narrow  oraok  between  the  two  contacting  surfaces. 
As  soon  as  such  a contact  is  eliminated,  the  burning 
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process  resumes  its  normal  course.  According  to  tbs  geo* 
metric  law  of  burning*  ail  the  surfaoes  of  powder  grains 
are  supposed  to  burn  at  the  sane  rate.  Any  change  in  the 
relative  positions  of  grains  does  not  affect  tbe  geomet- 
ric law  of  the  gas  formation  process. 

Proximity  between  burning  surfaces  occurs  also  within 
tbe  perforations  of  grains*  especially  within  the  long 
narrow  perforations:  the  smaller  tbe  diameter  of  perfor- 
ation* the  o loser  are  the  parts  of  burning  surfaoea  with- 
in it  and  the  more  intense  is  the  burning-  But  during 
the  burning  itself*  the  diameters  of  channels  are  in- 
creased* and  the  intensity  of  burning  falls  together  with 
the  ordinates  of  the  ourve  POt*)  . 

All  powders  with  channels  have  a higher  rate  of  burn- 
ing than  atrip  powders,  "or  example  Eisnemsky's  powder 
with  36  perforations  has  its  rate  cf  burning  before  frag- 
mentation begins  (before  the  point  of  inflexion  on  r.he 
(pt)  ourve)  Uj.  * 0.100  ao/sec.,  whereas  for  the  strip 
powder  prepared  out  of  the  same  mass  ux  * 0.075  mm/seo. 

3.2  Tbe  relationship  between  tbs  progressivenesa  of 
powder  burning  and  tbe  length  cf  perf (rations.  From  the 
geometrio  law  cf  burning  it  follows  that  tbs  narrower  and 
longer  tbs  channel*  the  more  progressive  is  the  fora  of  a 
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grain  having  such  a channel.  But  on  the  other  hand  the 
narrower  and  longer  the  channels  within  the  grain,  the 
more  obstructed  is  the  burning  and  ejection  of  gases  out 
of  these  channels  and  the  geometric  law  itself  beoomes 
less  applicable  and  suoh  grain  burns  less  progressively. 

Here  are  presented  the  experimental  results  obtained 
in  the  menunetrio  bomb  in  the  form  ctf  four  curves  Pty) 
and  four  curves  ("f t$)to7.  the  multiperf orated  grains 
(in  the  form  of  bars) , having  the  same  orosa  sectional 
areas  but  having  four  different  lengths  (Be,  8o;  end 
2o) ; number  of  quadratic  pesf orations  36;  (side  of  square 

TJ5 

ao  ■ 0.42  mm). 

?n»der  charges  for  four  experiments  in  a bomb  were 
made  of  four  different  relative  lengths  cf  powder  bars; 

1)  normal  length  zo  ■ 90;  2)  2o  = 22; 

a0  a0 

3)  2s  * 11  and  4)  2c  = 9 

ao  ®o 


Table  18 
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side  cf  Fig.  68,  but  actual  curves  (£/'{')  are 

shown  on  the  right  part  of  Fig.  69. 


Fig.  68  The  intensiveness  of  gas  formation  as 
affected  by  the  length  of  channels  in  grains.  At  the 
leftside;  theoretical  progress! veness  (geometric  law; 

r*s  %'  tsu*)  at  the  right  side;  experimental  pro- 
greseiveness  a 

All  these  curves  have  pronounced  humps  at  4,ss  0.1, 

with  the  enaiing  Egress! ve  course  along  which  they  von 

as  a convergent  pencil;  ths  curve  (1)  corresponds  to  the 

largest  relative  length  of  channel  2o  = 90,  the  curve 

a0 

(4)  is  far  ths  shortest  2o  = 9,  For  smaller  lengths  we 
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observe  the  smaller  degress! veceas;  thus  a short  grain 
(No.  3)  gives  almost  a horizontal  part  for  its  P(t) 
curve  ( far  ^ * 0.4  to  y*  0.6). 

Thus  we  reach  tbs  general  o one lusion  that  in  the:-? 
burning  the  longer  grains  deviate  more  from  the  geo«*trio 
law  than  do  the  shorter  grains , and  that  they  are  ®or© 
degressive  at  the  end  of  burning.  In  other  words  for 
burning  In  the  men ome trie  bomb  the  more  progressive  ia 
the  form  of  the  grains  the  mere  degressive  is  the  inten- 
sity of  burning  t the  real  physical  law  of  burning  pro- 
duces the  reaulta  which  are  opposite  to  the  results  or 
the  geo  ms  trie  law. 

A more  detailed  analysis  of  all  4 curves  (P,^) 
however#  shews  that  the  curve  4 (for  relative  length  * 9) 
is  mere  degressive  than  the  curve  (3)  for  the  relative 
length  11#  whloh  means  that  the  deoreaae  in  degressive- 
nr.es  with  the  shortening  of  a grain  passes  through  5. is 

minimum  somewhere  at  So  <po  20,  i.e.,  at  a given  e>©0s 

»o 

section  of  a grain  there  can  be  found  such  s,.n  optima 
length  which  produces  the  minimum  of  degressive-res  or 
the  maximum  of  progress!  van  ess  in  the  intensity  of  gas 
format  icn.  Such  paradoxical  results  of  experiments  in 
the  manomotric  bomb  have  been  checked  by  the  a;sual  firing. 


Table  19 
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The  results  of  firing  tests  with  the  powders  having 
grains  with  constant  oross  section  and  various  lengths 
(2c/ao). 


Powders 

*C 

II 

S.g. 

1.  long 

(2o  - 10  a0) 

220 

0.950 

2285 

613 

1.39 

1.89 

2.  shorter 

(2o  » 3a0) 

36  perforation 
grain 

66 

1.150 

2290 

655 

1.44. 

1.81 

3.  short 
(2o  « a0) 

22 

1.100 

2285 

648 

1.59 

1.54 

4;  Brand  9/7  24  1.200 

(7  perforations) 

2290 

655 

1.40 

1.37 

All  tested  powders  have  produced  the  same  but  the 
moat  progressive  (and  the  longest)  - No.  1 gave  its  p2 
at  the  smallest  weight  of  charge  (0.950  leg)  with  the 
lowest  Dj),  (613  m/sec.) 

The  shortened  powder  (No.  2)  v.lth  a lower  progres- 
siveness by  the  use  of  heavier  charge  (with 

the  same  pm)  gave  a higher  "Dj.  = 655  and  in  fact  is  a 
more  progressive  powder  than  No.  1.  But  No.  4 with  7 
perforations  instead  of  36  in  No.  2 being  markedly  sim- 
pler in  the  process  of  manufacturing  and  , having  a lesser 
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progress!  vsn  ess  than  Ho.  2,  gives  the  sane  ballistic  re- 
sults — pm  and  . 

Powder  Ho.  3 la  somewhat  worse  than  Ho.  2 because  at 
the  same  pa  with  a smaller  CO  it  produoea  a lower  « 
648  o/e. 

Thus  the  actual  firing  test  shows  that  powders  with 
narrow  chances!  in  a bomb  and  also  in  a gin  give  like 
results  and  that  powders  with  too  long  and  narrow  channels 
being  geometrically  progressive  are  in  fact  disadvanta- 
geous. It  is  also  important  i;.  note  that  thsrs  is  always 
certain  optimum  grain  length,  at  which  the  burning  is 
most  progressive  and  in  guns  with  higher  A this  optimum 
length  is  not  the  same  as  oan  be  found  for  a man ome trio 
bomb  using  a lower  A « 

Analogous  tests  with  tubula?  powders  verified  this 
results  that  at  the  same  ir&dni'  charge  the  lorger  tubes 
produce  both  higher  pa  and  higher  Vj  than  the  short 
ones.  A general  conclusion-' is  that  the  burning  of  powders 
with  the  narrow  channels  does  not  follow  the  geometric 
law  and  the  longer  and  narrower  the  channels,  the  larger 
are  the  deviations  from  the  geometric  law. 
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.£.3  The  basic  principles  of  the  theory  of  the  non- 
uniform  burning  of  perforated  powders.  The  above  described 
results  show  that  even  powders  with  the  simplest  form  of 
grains  deviate  in  th6ir  burning  from  the  normal  way  pre- 
scribed by  the  geometric  law  of  burning.  Thsse  deviations 
become  still  more  pronounced  in  tbs  oases  of  powder  grains 
having  numerous  long  and  narrow  channels,  and  a natural 
question  arises  - h.Cm  osn  these  deviations  be  explained? 

The  fundamental  assumption  of  the  geometrical  law  is 
that  at  any  given  moon  no  uuo  au  pressures  over  sjl  1 
elements  of  a burning  surface  are  equal  and  produce  equal 
rates  of  burning,  i.e. , u * Uip  is  constant  over  the  whole 
burning  surface.  This  assumption  might  have  been  true  if 

4 

the  prooess  of  burning  was  so  slow  that  all  arising  irreg- 
ularities or  inequalities  might  always  have  time  enough  to 
be  distributed  evenly  and  to  become  equal  over  the  whole 
burning  surface  which  may  happen  only  if  the  burning  proc- 
ess could  be  considered  as  analogous  with  a certain  static 
process. 

The  actual  burning  process  takes  place  abruptly  and 
violently.  The  pressures  at  various  p»rts  of  a charge  or 
even  at  parts  if  a separate  grain  are  different  as  well  as 
are  different  rates  of  burning  and  all  these  differences 
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have  not  tins  enough  .'or  their  leveling  and  the  differences 
in  the  intensity  of  gas  formation  are  particularly  effec- 
tive and  significant  in  the  narrow  channels  of  powder 
grains. 

In  a powder  with  a perfectly  homogeneous  chemical  com- 
position the  rates  of  burnii^s  can  be  equal  only  if  and 
when  the  noting  pressures  are  equal.  But*  if  a pressure  p* 
inside  a ehannsl  were  equal  to  a pressure  p*  outside  this 
channel,  the  gases  inside  the  channel  could  not  esoape  and 
a physically  unrealizable  situation  must  have  occurred: 
the  volume  cf  the  manometrio  bomb  should  have  been  filled 
by  the  gases  formed  only  from  the  outer  surfaoes  of  the 
grains  and  gases  formed  inside  the  channels  of  the  grains 
must  have  been  supposed  to  regain  immovable  within  the 
ohannels.  The  only  conclusion  Is  that  the  pressures  p and 
their  (d|)  outside  and  inside  of  channels,  as  well  as  the 
ratio  of  burning,  cannot  be  equal.  Let  us  apply  the  for- 
mulas of  the  pyrostatics  to  the  inner  surface  cf  a channel 
and  to  the  outer  surface  of  a grain  in  order  to  prove  the 
above  ooneluaiont  From  (35)  and  (34*)  we  have  the  follow- 
log  f csaula:  f*hjtK  £i.£-u, 

3f  Al  X s, 

* 
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for  the  rate  of  the  Increase  in  pressure  In  the  relative 
free  volume  of  a bomb  in  which  the  powder  is  burn- 

inf* 

Here  : I “*  £ - & “vyjj 

Far  the  initial  phase  of  burning;  S^S^Aj-  /“*-jr 

db  "f  A ,»  ^ ,,  k 

th,ni  SsFlfr'^T-w^_'5vr?‘ ^ ,ib 

3inoe  ~ 3 / (density  cf  powder): 

Denoting  W0  - y;  = V we  will  have  finally: 

//«,  |i/>  ....  {5V>V 

Thus  we  have  that  at  given  f,  f and  ux  and  p, 
the  rate  $f  inorease  in  p,  i.e,,  dp  is  determined  by  the 


Si  * ¥ =3  which  is  the  ratio  of  the  burning  surface 

7 7 7 

to  that  volume  in  which  gases  are  emitted  from  the  sur- 
face of  powder. 

The  burning  process  going  on  within  tie  channel  can 


be  considered  as  consisting  of  the  two  processes;  1)  the 
emission  cf  gases  from  the  surface  of  a channel  within 
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the  volume  of  a channel  and  2;  the  escape  of  gases  from 
the  channel  under  the  Inner  pressure  which  is  higher  than 
the  pressure  outside  of  the  grain* 

Let  us  evaluate  (dp)  at  the  beginning  of  burning  using 

at 

the  fomula  (50)  first  applying  it  to  the  inner  surface 
of  a channel  and  secondly  to  the  outer  surface  of  a grain. 
Denoting  the  initial  volume  of  each  channel  by  W0  its  aur- 
faoe  by  30,  tbs  total  nuufcer  of  grains  in  the  powder 
oharge  by  N and  the  number  of  channels  in  a grain  by  n and 
assuming  that  the  pressure  of  the  igniter  p0  is  the  some 
inside  of  channels  and  outside  of  a grain  we  will  have  for 
the  channel : Z 


where 


St  itdxt 

nr 


i 

oL 


For  the  outer  surfaoe  3»  of  a grain; 


$' 

w‘“” ? 


OJ  A 

since  y-  /» » and  f\t  is  the  volume  of  the  whole 

oharge  we  have,  after  dividing  the  numerator ,and  denomin- 

atorny  A,  : ? = 77^  • Hi-/. 

«&  ' At 
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Now  haring  those  expressions  for  the  numerical  values 
w 9 «■#// 

of  7 and  4 , for  a given  powder  (for  example  for  7 

perforation  grain  at  A * 0.20)  after  all  the  necessary 
calculations  we  will  hare  that  which 

means  that  (dp*)  is  about  70  times  larger  than  (do')  and 

at  at 

the  pressure  p"  inside  of  a channel  is  in  the  same  pro- 
portion higher  than  p‘  on  the  outer  side  of  a grain,  and 
the  same  ratio  will  hold  for  the  rates  of  burning  u»  * 

UxP1  and  u*  * Uj,p* . Thus  if  even  at  certain  moment  in 
the  beginning  of  burning  the  pressure  p*  and  p"  became 
equal,  at  the  aext  moment  this  equality  will  be  disrupted 
and  the  pressure  within  the  channels  p*  will  be  larger 
than  p*  and  u*  > u*«  On  the  other  hand,  the  gases 

ejeoted  from  tje  channel  will  increase  the  inner  volume 
W0  and  deorease  the  free  volume  outside  of  grains,  thus 
the  difference  in  conditions  of  burning  tend  toward  pres- 
sure equalization.  But  the  rate  of  burning  inside  of 
channels  will  prevail  over  the  rate  of  burning  on  tbi  sur- 
face of  the  grains. 

Thus  the  presence  of  narrow  and  long  channels  in  pow- 
der unavoidably  oreates  the  conditions  of  non-uniformity 


1°6 

of  burning  in  channels  and  over  the  surfaces  of  grains. 
Thus  non-uniformity  is  the  main  cause  of  these  abnormal 
curves  ( r,<|/)  of  the  progress!  ven  ess  whioh  were  pre- 
sented in  Jigs.  48,  4y , 52  and  53.  / 

The  increase  in  A does  not  a**®®*  ? " ^ 

will  be  increased  and  the  ratio  will  be  decreased 

approaching  1.  All  the  experiments  show  that  the  curves 
ftfy}  at  small  A are  more  degressive. 


?lg.  69  - Burning  of  Kisnemsky’s  powder  with  very 
narrow  channels. 
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fig.  70-  Burning  of  Kisnemskyfs  powder  with  very 
narrow  channels. 

The  presence  of  a marked  increase  of  the  pressure  in 
the  very  narrow  and  long  channels  of  the  KIsnemsky’s 
powder  is  shown  in  fig.  69  and  fig.  70  presenting  photo- 

s * '*  * 

graph  piotures  of  the  incompletely  burned  gra±ne  thrown 
out  of  the  gun  during  the  actual  firing.  On  the  left 
parts  of  both  pictures  are  shown  unburned  grains  with  al- 
most invisible  small  square  perforations  (0.1  - 0.2  mm). 
At  the  right  parts  are  shown  inconpletely  burned  grains 
with  enlarged  and  burned  through  channels  which  are  al- 
most cylindrical  in  foirm. 


19 $ 


J.4  How  the  shape  of  curve  is  affected  by 

the  Irregularities  of  burnirg  of  the  multiperforated 
powders,  let  us  denote; 

3*  ■.  the.  outer  surfaee  of  the  burning  grain. 

3"  ■ the total  surface  of  channels  of  a grain. 

9 - 8»>i '+  9*  * total  surffc'e  of  a grain. 

A , ■ the  initial  volume  of  grain, 
u’  * uxp*  ■ rate  of  burning  on  the  outer  surface  cf 
grain.  (p;  is  recorded  by  the  crusher}* 

* U1P"  * rate  of  burning  inside  of  channels, 
let  us  assume  that  u»  and  u”  at  any  moment  do  not 
vary  from  point  to  point  over  their  surfaces,  i.a.,  u"  is 
the  same  in  all  channels  and  u»  is  the  same  over  the  whole 
outer  surface.  The  first  one  (I)  is  the  case  of  deter- 
mining the  numerical  value  of  the  fuseticii  !x(t)  - or 
the  ordinates  cf  the  curve  of  the  pr  ogres  si  venees  corres- 
ponding *o  the  geooetrio  law  - with  constant  rate  of 
burning  over  the  whole  surface  cf  grain. 

The  second  case  (II)  is  the  case  of  detenriining  the 
numerical  value  cf  the  function  SM  , or  the  ordin- 
ates of  the  curve  of  the  progressive*®  as  corresponding  to 
the  actual  physical  burning  taking  place  with  different 
rates  of  burning  in  enamels  and  outsiie  cf  channels. 


dlMT/gW  Mir 
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The  general  form  of  the  function  P ia  this; 

f-i-t 

We  are  interested  in;  Q r ^ 


and  in: 


Oruahera  are  regiaterlrg  the  outside  pressure  p«; 


T ! 


U,fi,}f&)a£u‘*  &"u‘;  C= 

/I.  /-n  ' jr  A 


^ 1 c## 

**•?  A1  - 
~ 'X  “ A 


. ,A $u!*SUh_  S*S& 

Case  II:  tt  >U  ;p>f> ;(^ ^ ^ « 


The  only  difference  in  the  analytical  expressions  of 
4*  and  /J  is  the  factor*  (p*)  multiplied  by  3*,  which 

* - p» 

means  that  /|  has  ita  distinguishing  features  in  the 
increase  of  the  value  of  total  surface  of  all  channels 
which  is  nos  not  S*  hut  (p^y ) . 

Thus  in  actual  burning  the  powder  acts  as  if  the 
total  surface  of  its  channels  were  increased  in  the  ratio 
of  tf*  . Therefore  in  the  burning  of  a powder  there  is 

W 
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some  non- uni  fortuity  and  the  gas  pressure  and  rate  of  burn- 
ixg  inside  of  channels  are  greater  than  on  the  outer  sur- 
face. Then  at  a given  the  intensity  of  gas  rormation, 
i.e.,»  the  function  Q is  greater  thsn  fj  , calculated 
under  the  assumption  of  uniform  burning. 

The  value  of  ratio  u"  * jg*  will  affect  the  difference 

uT  pT 

in  intensities  of  gas  formations  in  the  real  burning  proc- 
ess and  in  the  "germs trio*  description  of  this  process. 

With  the  turning  the  diameter  of  a channel  is  increased 

j " 

iu  deorceoed  spd  ratio  to- 

7 

gather  with  (jg£)  will  also  be  decreased,  which  means  that 
the  curves  and  /jj  will  run  cloeer  and  closer  to 
•aoh  other. 

Thus  in  the  case  of  real  burning  in  a dosed  vessel 
of  a progressive  powder  with  the  narrow  channels,  the 
intensity  of  gaa  formation  in  the  beginning  will  be  mark- 
edly higher  than  is  prescribed  by  the  geometric  law  and 
the  ordinates  of  curve  i^f'Jwill  be  muoh  higher  than 
the  ordinates  of  the  theoretical  curve.  As  the  burning 
proceeds  this  difference  in  ordinates  will  be  reduced  and 
the  actual  intensity  will  be  closer  to  the  theoretical 
0B3  In  other  words,  during  the  whole  process  of  burniag 
of  a progressive  powder  the  value  of  the  function  rw 
will  diminish  and  actual  burning  will  be  degressive. 


and  the  ratio  J 


4 

z 
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The  narrower  are  the  channels  and  the  greater  their 

number,,  the  greater  will  be  the  ratio  3"  and  the  real 

IT* 

burning  will  not  be  uniform  at  all. 

Thus  the  powder  seemingly  progressive  as  judged  by  its 
fcrai,  as  is  the  Kisnemsky’s  powder,  in  practice  will  burn 
markedly  degreaaively. 

3,5  Burnii£  of  the  powder  with  narrow  channels  dur- 
ing the  actual  firing.  It  follows  from  the  experiments 
that  the  degressive  ness  af  the  curves  P($)  la  de- 
creased by  tbs  increase  of  their  parameter  A . 

This  fact  is  very  important  for  the  actual  firir®  in 
which  the  parameter  A is  decreased  with  the  shot 
travel  in  the  bore  of  a gun.  The  actual  firing  takes 
pises  at  A as  high  as  0.50  to  0,70  and  this  A is 
decreased  with  the  motion  of  the  projectile.  We  have 
seen  already  in  the  ohysical  theory  of  the  burning  proo- 
sss  that  with  decreasing  ^ the  ratio  is  increased, 

i.C.,  the  intensity  of  gas  formation  within  the  ohannels 


OX  gX'&xittt  ucG uuios  uua Xi  uuo  aUvSHSa.  vj  Ox  gSS  lOTIZU' 


tion  outoide  the  grains,  For  the  7 perforation  grains  at 
A - 0.20  = 70  and  the  curve  P( r'J  is  de- 

gressive} when  A = 0.70,  we  will  have  ‘f  " = 8 f'  whioh 
means  a considerable  levelling  in  conditions  existing 
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within  the  grains  and  outside  of  them  ana  ir  a = 0.70 

could  be  kept  oonstant,  then  the  burning  will  proceed 

under  more  favorable  uniform  conditions. 

u) 

Since  A-  is  continually  decreased  with  the 

inorease  of  £ - shot  travel  in  bore  - we  will  have  the 

XM 

ratio  (y?  J continually  increased  and  the  intensity  of 
gas  formation  will  also  be  increased  with  the  increased 
progressiveness  of  burning. 

Thus  we  arrive  at  the  oonclusion  that  our  analysis  of 
the  burning  process  in  the  mancmetrio  bomb  cannot  be  oou- 
pleted  with  the  results  obtained  using  just  one  value  of 
A • Our  curve  [’m  must  be  constructed  as  a result 
of  a series  of  ourveawith  various  parameters  A '•  Pfyf) 
• 

In  other  wards  A itself  must  be  treated  as  a 
variable. 

The-  results  obtained  from  the  experimental  curves 
Pft)  for  several  A should  be  put  through  the  inter- 
polation and  extrapolation  procedures,  and  only  then  may 
we  have  a eofflprehenaive  picture  of  the  real  process  of 
burning  during  the  firing  with  A continually  varying 
with  the  motion  of  a projectile  along  the  bore  of  a gun. 
Thus  tbs  final  one  curve  /’ft.)  will  represent  a sum- 
mary of  results  of  all  other  curves  as  its  components. 
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Fig.  71  snows  a summary  F a)  (in  soli'!  line) 
with  the  variable  A for  five  partial  curves  (in  dotted 
lines;  constructed  at  various  A ’s:  A 3 0.65;  A « 

S0.40;  A 3 0.25;  4 3 0.15;  A s 0.05,  'This  summary 
curve  r(M)  may  be  distinctly  different  from  each  of 
its  components.  For  example  Fig.  71  shows  tbs  curve 
Pfjh  A)  with  its  variable  4 as  a distinctly  progressive 
curve  which  is  obtained  when  the  initial  density  of  load- 
ing was  A 3 0.65.  Fig.  72  shows  another  I'M  far 
the  oase  of  a maximum  density  of  loading  A = 0.40  and 
here  we  have  I'M  as  a markedly  degressive  curve  with 
its  variable  density  of  loading.  In  firing  practice  we 
have  a case  in  which  the  multiperf orated  Kisnemsky’s  pow- 
der (with  36  perforations)  on  firing  with  a high  density 
of  loading,  produced  better  results  than  the  results  of 
an  ordinary  strip  powder  (the  same  muzzle  velocity  at  a 
lower  p^);  in  another  case  of  firing  from  another  gun 
with  the  lower  density  of  loading,  Kisnerasky’s  powder  was 
markedly  worse  than  a strip  powder  (the  same  at  a 
higher  pm) 


I 

i 
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fig.  71  ▲ summary  ourve  (P , f)  in  Bolid  lin6 
at  th&  Initial  A * 0.65. 


fig.  72  & summary  curve  (A  $ in  solid  lina  at 

tie  initial  A = 0.40. 
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The  larger  A is,  the  more  uniform  are  the  conditions 
of  the  burning  within  the  channels  of  grains  and  outside 
of  grains;  and  the  actual  burning  mare  and  more  approaches 
the  burning  prescribed  by  the  geometric  law. 

t 

Only  by  talcing  into  consideration  the  totality  c€ 
various  factors  of  loading  and  firing  conjointly  affect- 
ing  the  process  of  burning,  it  beoomes  possible  by  the 
application  of  the  theory  of  non-uniform  burning  to 
arrive  at  the  correct  conclusions  concerning  the  actual 
burning  of  a powder  in  the  bore  cf  a gun  during  the 
firing. 

Only  this  theory  of  the  non-uniform  burning  gave  the 
principal  rules  governing  the  burning  within  tae  narrow 
and  long  channels  in  powder  grains  and  only  this  theory 
gave  the  sbund  explanation  of  the  unsatisfactory  progres- 
slvenees  of  £isnems'r<,,s  nowdsr. 


R 
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Chapter  -4  - The  Application  of  the  Integral  Diagrams. 

4.1  The  Impulse  of  the  powder  gases  aa  a character- 
istic of  the  powder  burning.  From  ths  pressure  curve 
p(t)'  as  a result  of  the  experiment  with  the  manometric 
bomb  we  also  have  P5  y5  ^ as  the  experimental 
characteristic  of  progressiva  burning;  which  can  be  con- 
structed as  At)  as  wall  as  P(&)  • Ip  the  same  way 

we  find  I which  is  the  impulse  of  the  gas  pres- 

sure. This  impulse  also  can  be  considered  as  l(t)  or 

« ^ )t 

The  function  P has  already  been  considered  in  its 
general  application  as  an  analyzer  of  the  process  of 
burning  disclosing  the  influences  of  various  factors  af- 
fecting this  function  [ 1 . The  integral  curve  I(  ) 
is  another  characteristic  of  the  burning  process,  also 
affected  differently  by  different  factors  of  the  horning 
process  as  well  as  of  the  nature  of  the  powder  itself. 

J djb  / a 

From  I = J pdt,  it  follows;  Pty-  Ji: 

where  P is  an  angle  between  tne  tangent  line  to  the 
curve  I ( f ) and  the  horizontal  axis,  Hence;  P - 
fSae  Fig.  75.) 

Since  at  the  progressive  burning  P is  increased  and 
at-  toe  degressive  burniig  P is  decreased,  we  will  have 
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that  at  the  progressive  burning  jjp  is  decreased  and  at 
the  degressive  burning  ^ is  increased,  i.e.,  the  curve 
I(  ^ ) nay  also  give  us  an  indication  of  the  progress- 


iveness of  a powder. 

Pig.  74  and  Pig.  75  present  I(  ^ ) and  P($)  deter- 
mined for  two  different  cases  - namely  the  oase  of  a weak 


igniter  (Pig.  74)  and  that  cf  a strong.  Igniter  (Pig.  75). 
In  the  oase  of  a weak  igniter  the  curve  I(  ^ ) at  the  be- 
ginning runs  higher  than  I(  ^ ) for  the  stronger  Igniter 
and  the  point  of  inflexion  (a)  corresponds  to  the  "hump” 
« n+)  - point  a*. 

At  the  Initial  stage  when  the  Igniter's  work  is  so 
important. for  the  building  up  the  curve  l(  ),  it  is 
advisable  for  the  experiments  in  the  bonto  to  take  the  ig- 


niter pressure  equal  to  the  igniter  pressure  which  is  ex-. 


pec  ted  to  be  used  in  the  actual  firing. 


Fig.  73  Curves 


I O')  and  rc^) 


F.lg.  74  Curves  !(&)  and  P(^) 
- case  of  a weak  igniter. 
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«.  hay.  (44);  1^  § and  : 

uhioh  shows  that  I is  proportional  to  2 and  therefore  the 
curves  I(  ^ ) and  *6^  are  analogous.  We  have  already 
the  ourves  on  the  fig.  25  or  fig.  35  which  easily 
can  b®  transformed  in  curves  2fW- 


fie.  75  Curves  1W  and  I'm- 
* case  of  a strong  igniter. 


2X0 


II*.  76  The  relative  impulse  -jj  as  a function  cf^. 


— o. 


»ia.  76  stuns  tha  ourr.  jjr  ( f)  at  tlB  »»-'a I* “ a, 
far  three  Mft.rsnt  powd.rs:  1!  tubular  powder  i 2)  strip 

powder t 3)  cubes. 

Ths  large?  the  web  2 ex  of  a powder  at  a given  ux, 
the  higher  are  the  ordinates  of  {1^)1  the  higher  is 
ux  at  a given  web,  the  smaller  are  the  ordinates  or 

f x.  >. 


p.n 


:^.2  The  application  of  J pdt  * I for  calculation 

# 

of  the  rate  of  burning  ui.  The  rate  of  burning  ux  at 
p * 1 is  calculated  from* 


e,  «,  *• 


If  the  ignition  la  ina  tantanecus  and  if  the  web  of 
powder  ia  atrictly  constant  or  has  a definite  average 
value  for  the  whole  charge , then  tha  above  formula  can  be 
direotly  applied. 

But  the  powder  web  is  never  cons  ten  t even  over  a 
single  strip  in  the  powder  charge.  And  the  burning  in 
the  manometrio  boob  gives  results  related  to  the  end  of 
the  burning  of  the  eleme^  a with  the  maximum  sizes  of 
their  webs.  If,  by  the  actual  measurement  we  will  estab- 
lish a reliable  average  value  or  the  •few  2 eg  thou  this 
web  should  be  used  for  the  construction  of  the  curve; 

fpdt  * /CM.)  . See  Fig.  77.  And  this  integral 

J ' 

,c 

jpdt  should  be  taken  according  to  the  average  value 
of  e0,  i.e.,  /pat  = Iaver  (e0). 


i&at&ftlKESM. 
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Jig.  77  Taking  *n  average  (It)  at  the  figure 

_ . - aTer# 

II  nn 

— ~jr 

The  laet  part  of  curve  I(  p ) for  p approaching  1.0 
haa  a very  ateep  riae  corresponding  to  the  burning  of  the 
last  remnants  of  maximum  wsbo.  At  the  point  p ~ 0.9,  the 
curve  should  be  prolonged  tangentially  up  to  intersecting 
the  last  ordinate  corresponding  to  p ~ 1.  This  interf- 


ace itbh°w£  11  fcark  the  average  value  of  { 


(% 


m) 


aver. 


corresponding  to  the  average  v.’s'o  a sG;  am  the  aba? a 

Quitiv  ^HjVc  v.‘  J • - v 

o 

formula  for  ux  will  be  rewritten;  , uX(= 

1 *■  ; * ' .(XJaver. 


In  the  cases  with  the  weak  igniters  at  the  small 
initial  values  of  pK  0.10*  the  separate  curves  are 
likely  to  be  unduly  diverse*  then  the  following  method 


) 
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will  bring  mart  reliable  results. 

For  a given  powder * knowing  its  dimensions.*  we  nay 

♦ 

find  the  values  % and  for  short  tubes*  stripe  or 
plates  and  and  for  bars  and  cubes*  then  by 

using  the  formulas  we  oalculate 

X for  i* * Oil  and  for  * 0.9.  Then  we  find  Cf 

and  from  the  relationships:  and 

^ om4  42^jZ  €,X0%f 


Hence:  U a . 

Jt'dt 

-r.  fr# 

(using  the  interval  between 


is  taken  from  the  Fig.  78. 
!*  * 0.1  and  * 0,9 


B 

K 


Fig.  78 


Evaluation  of  in  case  of  a weak  igniter 


pressure. 
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Fig.  79  gvaiuafcion  of  a*  for  the  progressive  powder. 


If  we  have  to  deal  with  the  progressive  fern  of  a 


grain  then  assuming  the  burning  prescribed  by  the  geemet- 
ric  law  we  will  calculate  corresponding  to  the  moment 
of  the  orginning  (#  fragmentation  and  from  the  curve  t 
Jpdt  * ti  & ) we  vdll  take  (see  Fig.  79.)  I8  * 

* F(  ^ )j  then  assuming  that  up  to  this  moment  the 
average  wob  (2  ei)ayert  will  be  burned  out,  we  will  have 


ux  fxv«  the  formulas 


We  should  not  forget  that  powders  with  narrow  channels 
are  burning  with  different  ui  within  the  channels  and  on 
the  outer  surfaces  of  grain,  therefore,  the  calculated  u* 
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iaci  being  af  f e,C  t§u  by 


V—  A 


can  oBljT  bs  uSSu  c o £u  it  ion* 


all/  and  gives  only  comparative  results  at  a given  A . 

4*3  Integral  curves  used  as  a criterion  for  check- 
ing this  law  of  the  rate  of  b'trning.  From  the  formula 
A 0, 

Jpdt  * , it  follows  that  the  impulse  J pdt  is 

not  affeoted  by  the  density  of  loading,  but  that  this  is 

true  only  as  far  as  we  have  assumed  that  the  law  of  the 

rate  of  burning  has  the  form  of*  u — uj,  j& , 

If  the  law  of  the  rate  of  burning  is  assumed  to  be 
y 

u * JLp  or  u * ap  + b,  we  will  find  other  formulas  for 
the  impulses: 

1.  lor  the  law:  u * ap  + b * 


we  have;  de  * apdt  + bdt 

A* 

hanoe:  a Ipdc  + tt# 


J* 

and  Ipdtz  Js 
«/  e 

# 


• £ . 
ii  » as  /•. 


Since  tk  « 2t303  V ) (40)  and£  = 

(37)  we  infer  that  tjj  is  decreasing  with 
increasing  A > i.e„,  1^  is  increased  with  A . 
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2.  »«■  the  law.  u=  Ap?*  $ ; <4e*  Affttir 

Jk  .ft. a a fV'a’k = 

r,  fde  = e-Ajf** r'va^ 
infl  Ifci*  y (P  irt^. 


to®re(  ) is  an  avara6Q  valu®  on  tlxe  interval 

,t  t from  0 to  tk.  Hence  me  a.,  that  1K  is  iner.aa.u 

lith  p ami  therefore  with  A . Therefore  we  nay  say 
iteti  (1)  if  It  la  LUd  epenaent.  from  A , our  la*  of 
jurhlog  la  u = U,/>  U>  !*  If  la  inoreasea  »ith  A . 
eur  law  of  hornirg  ear  he!  U=//  or  : U -.*/>+£ 

la  other  wen-ae,  if  with  the  inoreaaea  A , our  inte- 

fnAt  - ti  V ) are  all  identical,  then  we 
»■*• — — — j ‘ 

have  tc  deal  with  the  law  or  burning  u = '--i  nur  n*‘ 

tegral  curves  (I,*  ) with  increased  A are  represented 

by  the  set  of  diverging  curves  all  beginning  in  the  ori- 

„<n  f £ s 0}  with  higher  curves  corresponding  to  higher 
6 ***  * * * 

A > tbs  law  of  burning  mu3t  be;  u = Ap  or 
a sb  ap  + £ • 
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. . i.*4  Practical  use  of  the  integral  curves  for  the 
verification  of  the  law  of  the  rate  of  burning.  Special 
experiments  were  conducted  by  Prof.  M.  Serebryakov  in 
1924-25  to  establish  a reliable  law  of  the  rats  of  burn- 
ing, under  simpler  conditions,  when  powders  have  no  long 
and  narrow  channels  (strips,  short  tubes). 

for  the  first  experiment  the  strip  powder  C H 
(2  «i  = 1 } was  used;  this  particular  sort  is  very 

uniform  in  the  thickness  of  its  strips;  the  experiments 
were  made  with  the  three  densities  of  loading;  A * 0.159; 

A *0.4309  and  A * 0,259  and  with  a very  strong  igniter 
(PB  a 120  kg/cm*) . 

The  curves  (I,  ^ ) obtained  for  each  density  of 
loading  were  marked  by  1,  2,  and  3 and  are  shown  on  left 
side  (Pig.  80). 

Por  the  second  series  of  3 experiments  one  and  the 
same  A * 0.209  was  used  - these  three  curves  ore  shown 
on  the  right  side  of  Pig.  80.  As  is  clearly  seen,  there 
is  no  difference  whatsoever  between  these  groups  of 
curves.  Thus  a complete  independence  of  1^  from  £ is 
established,  and  the  conclusion  i3,  that  this  pyroxylin 
strip  powder  has  its  law  of  the  rate  of  burning  in  the 
torn  of  u = Uip, 


Ths  following  three  series  of  experiments  have  been 
designed*  navies  X a view  a more  varied  material  in  sort 
or  >iwd<sr  as  well  ac  in  the  sizes  of  the  wsbs. 

1,  Powders  with  the  simple  degressive  forms  - strip, 
4ori*  short  tube  with  a wide  channel;  they  all  are  burn- 
ing in  such  a way  that  from  A*  p.12  up  to  A*  0.25, 

their  impulses  are  not  affected  by  A » their  integral 
curves  I(  'j*  ) are  almost  identical  (Tig.  81  ard  Tig.  82) 
^t  the  ignition  with  its  pressure  pfi  * 100  to  150  kg/om*. 

Tubular  powder a having  the  fixed  (trotyl  + pyroxylin) 
solvent  he^e  their  r«)  curves  without  any  proncunoed 
hump  and  their  integral  curves  (1^.,^  ) are  e onourrent 
straight  lines  from  * 0 up  to  * 0.90  to  0.95. 
(Tig.  81).  Tubular  powder  having  volatile  solvent  always 
have  F(^J  ourves  with  humps  but  their  integral  curves 
axe  almost  identical;  a a shown  in  Tig.  82. 
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Fig.  80  Integral  curves  (I,  ^ ) at  left  (a)  with 
three  different  A {0.159}  0.209}  0.259),  = 120  fee/ cm* 

at  right  (b)  with  one  A=0*209;  pB  = 120  kg/cm*. 

Thus  a general  conclusion  concerning  tubular  pyroxylin 
powders  and  powders  with  the  fixed  solvent  in  form  of 
ehort  tubes  i s , that  for  A varying  from  C.15  tv  G.S5, 
the  same  law  of  rate  of  burning  is  valid:  u = Uip. 

2.  The  same  powders  of  simpler  forme  without  narrow 
channels  with  the  low  density  of  loading  A <0.10  are 

burning  in  such  a way  that  their  impulse  is  decreased 
with  the  decrease  in  A whioh  means  that  at  the  law; 
u » UiP  the  rate  of  burning  Ui  will  be  increased  with  the 
deereas.'jig  A » 
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fig.  83a  and  fig.  83b  show  the  character  of  varying 

in  the  ordinates  of  the  integral  curves  J pdt  for  the 

y-oos 

powder  011  (2  «j  * 1 m/m)  and  variations  in  ui  from 
0.120  at  A = 0.02  to  Ui  = 0.077  at  A®  0.12; 

at  the  higher  A both  1^  and  i\i  stay  oonstant.  The 
same  even  more  pronounced  effect  is  shown  in  fig.  84 
for  the  powder  with  2 ei  * 2.4  m/mi  at  A * q.12  to 
A®  0.22  the  integral  1^  is  constant;  at  A«  0.02 
the  integral  1^  drops  to  1/4  of  its  former  value.  Suoh 
a sharp  drop  in  value  of  Jpdt  at  small  A is  obser- 
vable only  for  the  web  2 ei  > 0.7  to  1 m/m. 


222 


5.  for  fine  pyroxylin  pcwders,  in  the  shape  of  small 
thin  plates,  1^  does  not  change  at  the  varying  A from 
0.157  to  O.020.  Ho  nee  the  conclusion  is  that  for  pyroxylin 
powders  of  simpler  forme  the  variability  or  toe  constancy 
of  Jpdt  at  the  varying  A are  not  affected  by  the 
ohemieal  nature  of  the  mass  of  powder  but  by  the  character 
of  the  burning. 

Thus  we  ha vo  the  following  results?  powders  with 
large  weba  at  large  A and  powders  with  thin  webs  at  both 
large  and  email  A have  the  constancy  of  their  impulse 
Jpdt.  Powders  with  thiok  webe  at  small  A ^ A<0.ld) 
have  their  impulses  jpdt  decreasing  with  decreasing 
A * which  means  that  the  rate  of  burning  m,  in  this 
oase,  must  also  ba  increased,  if  we  use  the  law  u = uip. 
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■ha t is  the  explanation  of  these  results?  The  ex- 
planation is  based  on  a very  probable  and  natural  assump- 
tion that  at  the  slow  burning  of  the  thick  powder  in  the 
beginning  at  the  lower  pressures  the  burning  layers, 
despite  their  lew  thermal  conductivity,  are  heated  through 
by  the  hot  gases  and  their  reaction ,,  i.e.,  their  burning, 
like  every  other  chemical  reaction,  will  be  accelerated 
with  the  corresponding  decrease  cf  4 and  of  gas  pres- 
sure with  the  decreased  rate  of  shifting  (u)  of  the  burn- 
ing 'layer  inside  of  a grain  and  with  the  increased  depth 
of  heated  layer  with  ths  increase  of  the  temperature  of 
these  layers,  A formal  mathematical  expression  of  the 
above  physico-chemical  scheme  oan  be  summarized  in  the 
geometric  fact  of  the  divergency  of  the  integral  curves 
( i.£,  Y } at  varies!*  A which  is  an  immediate  result  of 
the  general  transference  of  the  Observed  situation  from 
the  province  of  toe  d&dxO  law  u = UxP  t 0 oa  Ovuv  ? 
u - Ajf  with  y<  1. 
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Tig.  84  Jpdt  as  a function  of  A 

Professor  Serebryakov’s  experiments  with  the  strip 

powder  with  the  fixed  solva&t  show  that  at  A>0.10  and 

p y 1000  kg/ca8,  the  law  is  u » u*p,  but  far  A < 0.10 
^ v 0.83 

and  p ^ 800-1000  kg/cm*,  the  law  is  u * Ap  * 0.240p 

In  the  same  ray  experiments  of  Professes*  pobadonostzev 


for  the  low  pressures  give  the  law  u * 0.063  p + 3j 

u am/sec  and  p kg/ca8 , and  Professor  Shapiro  for  the  same 

0.7 

^ase  gives  u = 0.37  p . 


These  formulas  gave  identical  results  for  all  p ba- 


§gfe\. 

Mm, 


tween  25  kg/cm8  and  300  kg/oa8. 

Thus  a general  resume  is  this;  For  the  pyroxylin 
powder 8 of  simpler  forms  with  fixed  solvent  (trotyl  + 
pyroxylin)  at  £>o.io  and  pressures  p N 800  kg/cm2, 
the  law  of  the  rate  of  burning  must  be  assumed  as  u * i^p. 
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for  the  same  powders  at  the  pressures  p K 800  lcg/cm2 
the  law  of  the  rate  of  burning  is  u * lp^  , i 4 1, 

(The  higher  is  pressure,  the  closer  V is  to  1.0). 

This  result  means  that  the  law  of  the  rate  of  burning 
is  not  expressible  in  one  and  the  same  form  for  all  dif- 
ferent conditions  of  burning,  but  this  form  should  be 
modified  with  the  transition  of  the  pressure  from  one 
range  to  another,, 

As  miih ««  earlier  the  integral  curves  (I,  ^ ) for 
.the  pyroxylin  multipcrforated  powders  with  the  progressiva 
forma  of  grains  are  running  as  a divergent  set  of  curves, 
becoming  almost  parallel  onlyfer^*  0.60  to  0.65.  (Fig. 85 
and  86).  (•’’he  larger  A » the  higher  is  the  curve). 
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As  we  know  this  divergency  of  curves 

leads  to  the  acceptance  of  the  law  of  the  rate  of  burning 
in  the  form  u « Ap^  , with  V(l.0#  Professor 
Serebryakov*e  numerous  experiments  with  a large  number  f 
different  types  of  pyroxylin  mult iperf orated  powders 
(more  than  100)  gave  for  the  7 perforation  grains  the 
value  of  V * 0.83  <N>  5/6. 

Thus  we  have  for  the  pyroxylin  powders  with  ths  simple 
farms  (strips/ short  tubes)  of  a grain  for  0.12; 

u » Uxp,  and  for  the  same  pyroxylin  powders  with  the 
narrow  channels  at  the  same  A^0»12*  we  have  u = Ap^  , 
and  the  (I,  <J/  ) curves  are  runnis^  as  a divergent  set 
with  the  higher  curve  having  larger  A • 
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I 


Fig,  86  Curves 
for  the  powder  9/7 


(Jpdt,f)  and  (Cty 
A = 0, 15  and  A-  0,23. 
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These  results  which  seem  to  be  inconsistent  will  im- 
mediately be  clarified  on  t be  basis  of  the  theory  of  non- 
unifurm  burning*  if  we  recall  the  property  of  the  curves 
( have  their  ordinates  decreased  by  the  in- 

creased A , but  ( t*  ) geometrically  speaking  is  a 
ootangent  of  the  ganleaf  a tangent  line  w the  curve 
( jpdt,  p ) or:  P = CWbjQ; 

Hence  at  the  increasing  A , P is  decreased  and 
the  steepness  cf  the  ( J*pdt,^  ) curve  is  increased 
and  these  curves  will  be  running  higher  and  steeper  in 
shape  cf  a divergent  set  of  curves.  Thus  at  the  law 
u = Uip*  corresponding  to  the  nature  of  a powder  and 
loading  conditions  { A >0.12),  the  integral  curves 
still  are  running  as  the  divergent  set,  beoauae  of  the 
non-uniform  burning  within  the  narrow  channels  at  various 

A and  instead  of  the  law  u = uxp,  we  have  in  actual 

o » 

operation  the  law  u = Ap  with  y < 1. 

For  the  colloidal  pcwders  the  law  cf  sue  rate  of  burn- 
ing is  u - uxp.  Here  ux  is  a constant  for  the  powders 
with  the  fixed  solvent  but  for  the  ordinary  pyroxylin 
and  nitroglycerine  pcwders  ux  is  a variable  during  the 
first  third  of  the  burning  process,  where  ux  is  affected 
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.by  the  nature  of  powder  and  various  conditions  of  burning. 
The  integral  curves  in  this  case  when  Ux  is  not  constant 
still  are  runnirs  at  various  A as  a convergent  set. 

All  the  deviations  from  this  norm  in  form  of  tie  diver- 
gency cf  curves  ( ^pdt,  ) for  the  pcwders  of  simpler 
form  with  lower  A oan  be  explained  by  variations  in  the 
rate  of  burning  uj,  oaused  by  the  heating  through  the 
layers  of  a grain  at  the  slow  burning. 

The  analogous  divergency  of  the  integral  curves  for 
the  powders  of  the  progressive  form  at  larger  A and  an 
apparent  deviation  from  the  law  u * Uxp  are  the  results 
of  the  hon-uniform  distribution  of  pressure  within  the 
channels  and  on  the  outer  surfaces  of  grains. 

This  apparent  deviation  from  the  law  u = uip  can  be 
expressed  in  a purely  formal  way  by  the  formula  u » Ap^  , 
but  the  law  of  the  rate  of  shifting  of  burning  surface 
into  the  depth  of  a grain  still  remains  the  same,  u * Uip, 
where  p can  be  varied  ever  the  tfiole  surface  and  ux  can 
be  varied  from  one  layer  to  another  and  affected  by  the 
temperature  of  the  nearest  burning  surface.  For  7 pei 
foration  grain  powder  the  exponent  V = 0,80  to  0.83  and 
the  coefficient  A depend  on  the  nature  of  the  powder 
(percentages  of  nitrogen  and  volatiles.) 
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The  a*bove  shown  relationships  swl  methods  of  pyrosta- 
tios  enable  us,  from  the  experiments  in  the  mancmetrio 
bomb  to  make  a complete  analysis  of  the  ballistic  char- 
acteristics of  a powder  and  its  actual  law  of  burning. 

The  ballistic  characteristics  "force*  f,  and  co- 
volume o 6 can  be  determined  in  a bomb  using  two  or 
three  different  A with  3-5  experiments  for  eaoh  A . 
The  obtained  values  of  p . f and  OL  are  corrected  by 
taking  into  acoount  the  losses  through  the  walls  of  the 
bomb . 

The  rate  of  burning  u*  at  the  unit  pressure, (p-Q, 
is  determined  from  the  integral  curve  ( (pdt,  4*  )» 

Ux  « jr  where  (ex)0  is  an  average  web  and  Iaver< 


is  an  average  impulse  (Tig.  77,  78  and  79.) 

The  actual  law  of  burning  is  characterized  by; 

(1)  the  curve  of  the  intensity,  of  the  gas  formation 

as  a function  of  ifs  and  as  a function 

of  t,  and  (2)  the  curve  of  the  impulse  Ipdt  as  a func- 


]■ 


tion  or  y . 


A specific  form  of  the  law  of  the  rate  of  burning 

if 

u = Uxp,  u = Ap  , or  u = ap  + b,  is  determined  by  the 
type  of  divergence  or  concurrence  of  the  integral  curves 
(I*  ^ )• 
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"Tiie  curve  ( Pf  ijs  ) provides  a methcd  of  analyzing 
the  processes  going  on  in  the  burning  of  powder.  This 
curve  makes  possible  the  consideration  of  various  factors 
which  not  long  ago  were  left  without  evaluation  (the 
»^roces8  of  the  gradual  inflammation,  variation  in  the 
rate  of  burning,  the  effect  of  the  phlegmatization,  eto.) 

In  order  to  form  our  idea  of  the  actual  burning  of 
a powder  in  a gun  we  still  need  the  experiments  conducted 
in  a man ome trie  bomb  at  various  densities  of  loading. 
Hence  we  determine  the  influence  of  A on  the  variations 
in  the  progressivenese  of  burning.  From  oompariBon  and 
analysis  of  this  kind  of  data  we  arrive  at  a definite 
conclusion  as  to  the  burning  of  powder  in  the  variable 
volume.  Such  is  a general  outline  ui  tuC  method  cf 
ballistic  analysis  of  powder.  Such  a method  which  makes 
possible  a taking  into  account  various  changes  and  fac- 
tors, can  be  highly  valuable  at  the  powder  plants. 

Having  results  obtained  with  the  experimental  powder  in 
a manometric  bomb,  we  can  coup  are  them  with  the  -results 
of  a normal  powder  used  in  tbs  field  service  end  this 
comparison  may  lead  to  valuable  more  detailed  knowledge 
of  tbs  experimental  powder.  Here  is  given  the  formula 
which  may  serve  as  a practical  aid  for  utilizing  the  re- 
sults of  the  ballistic  analysis  made  in  the  laboratory 
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Instead  of  more  costly  results  of  firing  tests  when  it 
is  desired  to  determine  the  weight  of  a charge  of  an  ex- 
po rlnental  powder  producing  the  sans  maximum  pressure  and 
the  same  muzzle  velocity  which  are  obtainable  from  a 
powder  tihioh  is  already  used  in  service. 

Notation*  Powder  adopted  in  service; 

f ||  av  ii 

and  experimental  powder:  Oi  , T , 1# 

All  six  of  these  values  are  known  from  experiments  with 
the  man ome trio  bomb. 

Then  we  have: 


it 


i: 

~s> 


AYr.iL  A 

rvf/;  y 


and  here  A is  a density  of  loading  of  a charge  00^  . 

.1X1  oruor  &0  XQttiio  ua  c ux  OiXJ,y  uu6  iHOS  O xo3.xaua.vj  part 

af  the  integral  curve  ^ ) we  will  take  its  values 

on  the  shortened  interval  of  ^ starting  at  ijj=  c.05 
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and  ending  at  ^ * 0.75.  Thus  we  eliminate  the  uncer- 
tainties  and  non-uniformities  associated  with  the  action 
of  not  very  strong  Igniters  (pr>  smaller  than  50  kg/cm8). 

This  foxmula  gives  a good  approximation  of  the  de- 
sired experimental  weight  of  powder  charge  producing  the 
same  maximum  pressure  and  muzzle  velocity  which  are  ob- 
tainable from  the  pwder  adopted  in  aotual  service. 
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flection  IV  - Physloal  Principle  a of  Pyrodynamlcs 
Chapter  1- 

The  firing  process  and  its  principal  relationships. 

Pyrodynamlcs  is  the  study  ctf  the  phenomena  going 
on  wLthin  the  barrel  of  a gin  during  the  ?irix%;  this 
study  leads  to  the  establishment  of  some  definite  rela- 
tions between  the  loading  conditions  and  various  physico- 
chemical and  meohanical  processes  constituting  in  their 
totality  the  firing  of  a gun.  In  the  firing  as  in  the 
prooess  we  observe  a complex  interdependence  of  many 
factors  and  elements.  For  example;  the  motion  of  a 
projectile  depends  on  the  gas  pressure  but  this  gas 
pressure  depends  on  the  powder  burning  as  well  as  on 
the  volume  behind  th*  moving  projectile  and  this  volume 
depends  on  the  motion  of  a projectile. 

The  following  periods  can  be  noted  in  the  process 
of  firing; 

1.  The  preliminary  periods  (static  period,  and  forcing 

period  - for  details  see  flection  II).  From  the  begin- 

ning  of  burning  until  the  gas  pressure  becomes  a*. 

lo  a c,n~ 

x whsre  ll»  is  the  force  necessary  for  pro- 
ducing the  Complete  engraving  of  the  driving  band  at 
the  full  depth  of  rifling.  The  pressure  k is  "the 
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forcing  pressure  (from  to  Soo  ).  See 


Fig.  101.  Schematic  view  of  the  driving  band  and  rifles, 
Duririg  this  period  the  projeotile  moves  at  the  distance 
between  the  initial  position  of  the  rear  edge  of  the 
driving  band  (point  a)  to  the  cross-section  of  the  bore, 
where  the  full  depth  of  rifling  begins  (point  b).  The 
end  of  this  period  is  the  moment  fc*  . 

2^  The  first  period  - is  the  period  cf  burning  of  the 
powder  charge.  Sas  pressure  j>  varies  from  jb  to  the 

maximum  pressure  r and  falls  to  h at  the  moL's nt 

Ik 

of  the  end  of  burning}  at  this  moment  the  travel  of 
projectile  is  and  its  velocity  2^. 

3.  The  second  period  - the  period  cf  the  adiabatic  ex- 
pansion from  tuz  moment  to  the  moment  C j when 

the  bottom  of  projectile  leaves  the  muzzle. 

From;  p.  $.<fe  it(^)  henoe; 

From;  |3 . S ^ hence;  *V\,  ^ m * 
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4.  The  third  period  - the  period  of  the  •after-effect*. 
At  the  end  of  this  period 

The  principal  phases  of  the  firing  process  and 
their  relationships. 

1.  The  expandii^  powder  gases  are  the  source  of  the 
energy  utilized  or  converted  into  neoeasary  work  and  in 
pyrostatics  we  have  the  following  relationships: 

a.  Gas  formation  as  a function  of  the  burnt  frao- 
tion  of  grains  J 6Z(/+M*^Z*J=  %X(l**,Z) 

+ A . 

- £ , J..  -f  >|MXI. 

here:  Aa  £ * r “ Jfc  is  a relative  burnt 

thickness. 

Y is  a relative  burnt 
volume . 


b. 

o. 


Rate  of  burning;  U — 
Rate  of  gas  formation: 


$. 
TT ' 


V M 


S S A 


«-»i 


Physical  law  of  burning  provides  the  relations; 

+•-{(!);  I*F(+);  /?/>  , n:  r*  *fjt  • 

2.  Transformation  of  Energy. 

If;  Q the  amount  of  heat  applied  to  the  system 
(J  the  internal  energy  of  the  powder  gases 
ZL  total  sum  of  all  works  produced  by  gases 
and  spent  on  the  overcoming  of  resistances 
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^ an  inverse  value  of  £ - H70  *z=r'  (mechanical 
equivalent  of  heat),  then  we  have;  <3=  U+ASL 

3.  Equations  of  motion; 

Pi*r»v.4$ 

4.  Equation  of  momentum;  ft)  V0*  £iU  +M V*  O 


l sre:  fn  -mass 

tf-velo 

city 


^ of  projectile  -- 


mass  ) 

Lof  the 
u velo-|  powder 
city  J charge 


M -mass! 

V -velol 
oityJ 


of  the 

recoiling 

parts 


5.  Equation  jf  the  rotational  motion; 

r -lever  arm  of  the  rotating  force 

here  -rotating  force 

J -moment  of  inertia  of  projectile 

Jit  -angular  velocity;  -angular 

*Lc  accelera- 
tion 


t.N- 


Chapter  2 - Energy  balance  during  firing 

0 E,  ~ 4z7Q  C#  is  the  total  amount 


of  available  energy  w ns n 


*<A/  Y Oi  pOWaer  is 

burned  at  temperature  Tt  and  cooled  down  to  the  ab> 
solute  0-  . *)£  = 4&70 
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Is  amount  of  energy  not  utilized  yet  after  oertain  work 
has  been  done  but  eooling  w%s  not  to  0 * but  to  tem- 
perature r<r, 

Hence  S)  is  the  amount  of  energy  spent  on 

producing  all  the  works,  4i7o(fcTjaj)t/cli 

„ / 

where  Cj*  is  a oertain  average  specific  heat  at  the 
interval  from  7]  to  7*  • 

Thus  we  have:  4*70C'„(TrT)t*+-'ZEi 

CTT  /•  . 

where  is  ths  total  aum  of  works  produced  by 

the  powder  gas  on  firing  including  all  the'  resistances 
involved.  These  works  are  as  follows: 

1.  £t  is  the  energy  of  the  translational  motion  of  the 
projectile  measured  by 

2*  is  the  energy  spent  on  the  rotational  motion  of 
the  projectile. 

3.  <£*£  is  the  energy  spent  on  tl  resistance  of  frie- 
tion  between  the  driving  band  and  the  surfaee  of  the 
bore  (rifling  included) , 

4.  is  the  energy  spent  on  the  moving  gases  them- 
selves and  unburnt  yet  part  of  the  powder. 

5.  £#  is  the  energy  spent  on  the  moving  cf  recoiling 
parts „ 
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6.  &£  is  the  energy  spent  on  the  engraving  of  the 
driving  band. > 

7.  C7  is  the  energy  lost  on  the  heating  tit  the  walls 
of  barrel,  of  cartridge  ease  and  projectile. 

8.  is  the  energy  lost  through  the  leakage  of  gases. 

9.  Is  the  energy  spent  on  the  overcoming  of  the 
air  resistance  within  the  bore  and  on  the  propelling 
this  air  out  of  the  bore.  The  first  five  of  these  ex- 

__  uym  •>  S 

pendituree  are  all  expressible  in  terms  of  Cf  or  -y 

..  c 

/ and  are  usually  account- 

ed for  not  by  the  direct  evaluations  but  by  indirect 
comparative  methods;  and  can  be  entirely 

omitted  as  negligible  quantities. 

Thus  w.  have!  <?>/. 


In  1894,  Prof.  N.  Zabudsky  inti^uced  the  concept  of 
the  "effective  mass"  of  a projectile  which  in  the  above 
notation  will  be  hn  and  the  factor  is  '••ailed 
•the  coefficient  of  the  effective  mass*  or  the  coeffi- 
cient accounting  for  the  secondary  works*  as  they  are 
compared  with  the  principal  one  tasen  as  unity.  Row 
the  equation  of  the  energy  balance  will  be; 
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*1170  c'„  rt  Uf- 4fi/0 c'jtofs  Kf.Jm) 

which  means  that  the  difference  between  the  two  thermal 
states  of  the  powder  gases  is  converted  into  the  sum  of 
the  external  works.  The  practical  value  of  is 

between  1.02  and  1.20  and  even  larger. 

The  basic  equation  of  Pyrodynamlcs. 

From  thermodynamics  we  have: 

(constant  of  gases)  ^ 

we  rewrite  it:  4*70  = 


•s  4t70Cw=  /-fg;  - -g~—  - -S~ 


As  ii -7  = AW 

■”  CV  ' ” ’ 


fc * 


is  the  exponent  of  the  adiabatic  curve; 

; C^A^BT;  e„zA,+Br 

Then  the  equation  of  the  energy  balance  will  be: 

Here  &0  is  a oertain  average  value  of  0 for  tem- 

•r  T.+T 
perature  *0  - — 

Here:  HTtof  sfioicof-  y (/- P)J~  fa (Wj-sfJ 

for  the  moaent  when  0)^  of  powder  is  burnt  and 
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is  a free  volume  of  the  chamber  at  this  moment.  Strict- 


ljt'  speaking  ’Ijhis  relationship  exists  for  the  statio  gas- 
eous prooess  but  we  assume  that  this  relationship  exists 
also  in  our  case,  when  the  gas  formation  proceeds  under 
varying  conditions  of  pressure  as  well  as  of  volume,  and 
the  equation  of  ttys  balance  will  be  rewritten: 

Remembering,  that  RT,- f finally  we  have: 

- -V-jC  - - (Si) 

This  is  the  basic  equation  of  pyrodynamica  given  by 
Resal  in  1864  in  another  form: 


here  was  replaced  by  5 ty,  and  is  the  effective 
length  of  the  free,  volume  of  the  chamber  at  the  moment 
when  fcO  of  powder  is  burnt  ( ^ is  a function  of  'f*  ). 
Here  we  have  the  following  4 variables  involved  in  the 
process  of  .burning  as  well  as  in  the  process  of  motion 
of  the  projectile:  burnt  fraction  ^ , pressure p ; 

travel  of  projectile  (?  and  its  velooity  V"  . 

A factual  independant,  variable  is  ^ but  all  4 vav- 

* • ' • * - T * 

iableaare  mutually  interdependent. 

Additional  equations  mentioned  above  (relationships  in 
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the  process  o f burning  and  equations  of  motion  of  the 

J 

projectile)  must  be  used  far  establishing  definite  re- 
lationships between  our  fair  basic  variables. 

Comparing 

from  (52*) 


r~  w 


*lth  : 


s-  fclt 

t W+ 


\xu;  gxv  an  XXX 


pyroe tatios 

we  immediately  see  that  at  the  same  loading  conditions 
the  pressure  in  the  gun  with  moving  projectile  all  the 
time  is  lower  than  it  is  in  the  constant  volume  of  a 
bomb. 

Chapter  3 - The  study  of  the  principal  relationships. 

1.  The  principal  characteristics  involving  the 
evaluations  of  tla  energy. 

The  equation  of  .the  balance  (52)  written  for  / 

(adiabatic  process)  gives;  ^ A*** 'f*ft T, 


or; 


-fO)  / i 7“  \ 

VTT“  'jV-tJ  ■ 


(54) 


Thus  the  maximum  of  the  left  part  can  be  obtained  at 

<w 

/ “ U i-e.  when  the  cooling  of  the  gasas  will  reach 
the  uosolute  zero  then  the  velocity  will  reach  its 


ideal  limit  ( 


> 


) 


2.46 


4 4 


or: 


= • . . » (55) 

^ ” Vf  • £ i j l 58  > 


The  Value  /ttl  is  called  “the  total  reserved  energy-  in 

* . X 

of  powder*  and  y is  called  the  potential 
of  /hj.  of  powder.  Sven  if  this  potential  cannot  be 
practically  used  but  a practically  important  result  is 
that  by  increasing  of  powder  or  by  decreasing  0 
we' always  can  raise  the  efficiency  of  powder. 


si  an 


a /r  va  can  bv  inereaairur  lY. 


w •#« 


or 


t: 


have  a powder  with  a higher  . 

from  expression  for  0=g-/e  ^ 

where : 4±-r 

Amgt  As  jSi. 

During  ths  firing  0 is  varied  with  T and  since 
this  variation  is  very  limited  it  is  advisable  to  use 
an  average  , evaluated  as  follows: 
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Table  20  gives  the  variations  with  temperature  of  0 
for  the  pyroxylin  powders 

Table  20 


(r,)+ 1,0 

0.90 

0.80 

0.70 

0.60 

0.50 

0.10 

T?K+  2700 

2430 

2160 

1890 

1620 

1350 

270 

£-♦0.185 

0.190 

0.196 

0.202 

0.208 

0.215 

0.252 

In  most  practical  eases  and  £«  0.20.  It  is 

•# 

advisable  to  use  two  values  for  one  duriisr.  the  first 
period  when  the  cooling  of  the  gases  is  not  so  great  and 
another  0 during  the  second  period  when  the  cooling  is 
mere  pronounced. 

It  is  not  amiss  to  point  out  that  the  coefficients 
Ai.As  and  Bi  in  the  linear  expressions  for  CA  and  Cw 
are  not  the  same  in  the  works  of  various  authors  and  be- 
sides this  not  all  authors  use  the  linear  forms  for 
thermal  variations  of  Cp  and  €&, 

Tha  lin^y  form  givss  a good  approximation  for  C/s> 
and  C^only  within  the  range  3000°  - 1500®  of 
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temperature;  far  lower  temperatures  the  deviation  from 
the. linear  forms  becomes  mare  significant. 

The  efficiency  of  the  work  done  by  the  powder  gases 
is  the  ratio  of  the  useful  woiic  obtained  to  the  total 
amount  of  energy  available  in  a given  powder  charge; 


thus  the  efficiency 


“ 2fco 


varies  be- 


tween 0.20  to  0.33.  Other  authors  assume  ; 


r ft*  - L //  z) 

but  0~$)  iB  tl1®  "economy  co- 


efficient* of  the  Carnot  cycle  in  case  of  the  ideal  gas 
working  without  any  •secondary  works-  and  resistances. 
Thus  the  introduction  of  the  factor  (p  cannot  be 
justified  in  the  evaluation  of  the  efficiency  of  work 

<v 

done  by  the  powder  gases.  Sometimes  the  total  amount 
of  available  energy  is  expressed  by  P — £ Q 
where  is  the  amount  of  brat  determined  in  the  ex- 

periment in  the  bomb  with  the  burnii^  powder  cooled 
down  to  temperature  15*C  (or  288*  absolute),  whereas  (4) 


gives  the  amount  of  work  produced  by  gases  during  their 

Hence; 


cooling  down  to  0*  (absolute) 

•f 
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If  we  are  given  the  value  of  the  efficiency  it  is  nec- 


essary to  know  definitely  whether  this  efficiency  is 

determined  in  respect  to  ; then  its  real  value 

will  be  smaller  or  if  this  value  is  determined  in  respect 

to  £6  , then  the  efficiency  will  be  higher. 

The  efficiency  cf  a unit  .of  the  weight  of  charge  CO  is 
L JW*)  Ki.dto 

If 

tho  value  of  A is  largely  affected  by  the  relative 
length  of  the  bore*  by  the  size  cf  web  of  powder  and 
the  length  of  the  projectile  travel  at  the  moment 
of  the  end  of  burning.  For  not  too  lengthy  guns  cf 
medium  caliber:  h - 13.00000*1400000 

% * HT 

fit:  /$0-f4o 

while  for  small  arms  JOO-llO 

In  case  of  howitzers  using  full  charge  b,.F/$O-ii0 

71 

and  is  decreased  with  a decrease  cf  CO. 

There  is  a simple  relationship  between  1C  and  h : 

'jj  S - ~r  ot : 

»•*  f A -TT 

7 /At  T 

In  the  practical  applications  of  interior  ballistics  a 

ratio  n of  the  average  pressure  R taken  on  the 
f l, 
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length  of  travel 
very  useful i 


..to  the  maximum  pressure 


Is 


fX&e  vw 


£ii»  th  s 1 sy' a*  ^ v»  n vw2)  / ) aw  f.Ka 

VU  UU  V AVU^VU  « MMM  VM 


At  loft;  ^/V-^  on  the  length  •£  and  ($6/^ cn  til5 
whole  length  4. . 

At  rights,  the  average  pressure  6?4  as  a character- 
istic of  the  more  progressive  curve  / than  the  curved, 
Thus  the  coefficient  ^ is  a characteristic  of  the 
progressiveness  of  burning  within  the  bore. 

Sino,  (a ,)e>.  s.  <*$!&■' 

and  3 €s,~  is  a working  volume  of  the  gun 


Ls  a characteristic  of  the 


bore  we  have: 
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h = 

'»  & rn.fi. 

and  ^ oan  be  ealled  the  coefficient  of  utilization 

, , r 

of  the  working  volume  of  the  bore. 

The  third  Interpretation  of  ^ can  be  Been  from 
t|w  following  farms 

h - '?md.  -s _lS*f •**(*<} 


See  Fig.  69 

Utilisation  of  the  working  volume  of  the  gun  canal. 
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Here  ^ nay  be  called  the  coefficient  of  the  filling  up 
of  the  indicator  diagram  ( fiA. 


Including  in  tbe  analysis  4fcj|g-whole  volume  of  the  bare 
<s4  ) with  chamber  ( S€m)  car  ; IVC 


57  00 ns  id er  the  ratio:  _ 

t?  - * 

l3~K&. 


See  Pig.  90 

is  the  characteristic  cf  the  ballistic  utilization 
of  the  whole  volume  of  the  gun  canal. 
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2.  The  relationship  between  the  gas  pressure  with- 
in  bore  and  the  loading  conditions 


Equation  (53): 


m- i-y 


differentiating  with  respect  to  time  we  obtain: 
now,  rememberii*  thatsj^s  y 

we  will  have: 


At  the  3ginning  when  fi*/*  ("shot-start*  pressure) 

€sO/^so  ; 


we  have: 


^ = 4 If (/*  jr  % Qd*  if)-  -M 
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Fig#  91  </p 

At  left  - the  curve  when  fe>0  Afflo'?0 

At  right  - the  praotioally  unrealizable  curve 
when  2 0 Cjj/fJf  0 

The  derivative;  ~§s  2f'3?'£  Zt  ' (f^ 

See  fig,  92  - at  1/“~0  becomes  infinity. 
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The  maximum  pressure  is  determined  from:  Mf* o •*  &-o 

where  subscript  m denotes  values  corresponding  to 

«» ff  CO+tf)*  K,(Mh 


If  the  rate'  of  burning  U»  or  the  burning  surface  6* 
at  a certain  interval  cf  time  after  are  increased 
proportionally  to  the  inorease  in  V"  or  in  other  words 
if  the  rate  of  inflow  of  powder  gases  ( -fu>P  ) increases 
proportionally  to  the  rate  of  ohange  of  the  volume  of 
the  bare  ^ 2A5  s then  the  maximum 

pressure  P will  stay  constant  during  this  interval 
cf  time. 

At  the  end  of  the  first  period  of  buxulng  when  t>~  £ k 

and  / •* 


lor  the  beginning  of  the  second  period  we  have  from  (S3) 

< i /Ji  t* 


b-iSL 

r~  s ’ e,+* 


Differentiating  this  p with  respect  to  C and 


we  have; 


J a”‘* 

and  for  the  beginning  of  the  second  period  (subscript  0). 
We  will  have;  (g£)0~ 

anl 


Comparing  these  expressions 


wlto  ($1 


“*  <s&« 


from  (SB')  and  (59)  we  see  that  at  the  moment  of  transi- 
tion from  the  end  of  the  1st  period  to  the  beginning  «f 


the  2nd  period  both  derivatives 


change 


abruptly  and  the  corresponding  curves  ( p,£)  and  (p,€) 
have  angular  points  (with  two  tangents)  on  acoount  cf 
the  disappearance  cf  the  term;  j? 

and  after  this  moment  when  these  curves  will  have 

their  slopes  gradually  decreased  to  their  final  values 

at  £- 
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3.  Th®  influence  of  the  form  and  dimensions  of  the 
powder  grains  on  the  curves  ( and  ( 

The  most  effective  factor  in  (57)  and  (59)  is 
« j<A)  r and  in  particular 

1.  The  influence  of  the  form  at  the  constant  web  €,  for 

*4niVt1  4 /•••  • rt  Am  A a A MMX  A AAttA  1 4*  A 1 4 A — i a mJ 

MMUyAXVlVJ  ' O UhM  UWBUUNW  V^UMX  VV  X f X • Of  ^ «/  Q|UU 

2|?96.^  ( 41  ie  oonstant) 

At  the  beginning  cf  burning ; Z~  (T-  /;  % 

At  the  end  of  burning;  X = // 

The  following  Table  2 1 was  calculated  for  5 degressive 
forms;  1-tube;  2-etrip;  3-plate;  4-bar;  5-cube. 

Table  21 


NoJ 

Form  of  v 

Grain 

l*X$H 

1 

i*1*  >*A 

(ht» 

1.003 

0.994 

0.9.?7 

2 

Strip 

, 1.060 

0.890 

0.973 

3 

Plate  uta  ! W-fr1 
!**P  7+1J 

U~rf 

1.200 

C.675 

0.810 

A 

•2. 

Bar  0 

0 

2.0 

0 

0 

5 

Cube  3 0 

0 

3 

0 

0 
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Fig.  93 

Shows  various  curves  (1  - 5)  of  ( X,2  ) far  various 
forms  of  powder  grains  given  in  Table  21. 


gives  the  curves  ( fo£)  calculated  for  the  same  Co  and 

various  fonns  and  marted  bys  0 - instantaneous  burning 
Figure  94  - (adiabatic  curve) 

2 - for  strip;  4 - far  bar;  5 - for  cube. 

strip  powder; 

Bar  or  rod;  fa  ; §*s 
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CiiuB  * pm  5 &XOO  ; pt<  = 3iCO  / 

KLiabatie  laws  faz/l/oo/  2$  ? CfQ*/s. 

2.  Tfee  Influence  of  the  size  of  web  In  grains  with  the 
same  form  (strip)  the  ourvea  ( } and  ( /*,&)• 

1)  2e,z/.SMA  ; t)Xet~ZO%;  3JXet?ZS*Y« 

GH*o.8ii;  x ~ 

* “t  ** 

Table  22 


1.6 

1.414 

1.256 

3540 

632 

2.0 

1.060 

0.973 

2070 

575 

2.5 

0.848 

0.744 

1450 

486 

Fig.  95 

The  inteneiveneas  of  burning  ( Z ) as  a function  a?,£ 
for:  1-with  %tfl.S  2~wlth  3-wi  th  i*5.\&T 
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Fords?  with  a-  paaller  reb  gives  a acre  intensive  burning 
(sea  also  Fig.  96) 

Fig.  98 


The  curves  ( fa'f)  as.  affected  by  the  size  of  web: 

1-wit h Ze7-lS  2-with  X6,-cJ.O  3-with  J 

These  examples  shew  bow  by  varying  web  and  form  of  the 

powder  grains  it  is  possible  to  regulate  the  process  of 

gas  formation  in  ordqr  ,to  have  a desired  character  of 

» 

i . * 

variation  in  the  pressure.  For  example  - if  we  do  not 
want  a maximum  pressure  ^ exceeding  a certain  pres-- 
cribed  value,  then  a more  advantageous  powder  is  ona 
whioh  is  the  least  degressJve,  In  our  case  this  is  a 
tubular  powder,  the  nearest  to  the  powder  with  a con- 
stant surface  of  burning.  But  it  is  also  possible  to 
have  a progressive  ponder  which  will  burn  with  an  in- 
creasing burning  surface  and  with  a higher  work  efficiency. 
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Chapter  4 - For ce*  acting  during  the  travel  of  a projeo- 
tlle  In  a rifled  bora. 


1.  A general  description  of  rifling. 


Fig.  57  - Schematic  view  of  rifles. 


Fig.  98  - Forces  acting  on  rifles; 

Rotational  force  N on  the  area  l9fcrc*&  oc  <%>  6mtr 
and  reaction  N» ; 

Radial  force  <P  and  frictional  force  (negligible) 

a - width  of  a land  of  rifling;  b - width  of  a bottom 
of  rifling;  bf  - depth  of  rifling,  n - number  of 
riflings ; ft 5 or  n-.  %ci*8;  d-caliber  in  cm. 
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fi«.  99  - rifle*  of  a constant  pitch 

.x 


yi«.  100  - a progressive  pitch  of  rifles. 

h r jr. ci. Oris*.*  . Z-  ^ 7r  * 

7 ' 7-&OiJ**¥;y*S- th. 

equation  ctf  the  line  of  rifling/ 

With  the  progressive  pitch:  , oitffaftij  « 

(constant)^  (X  is  the  angle  of  rifling.  * 

kt  the  beginning  of  rifling;  /fort,?  4? 

a ^ ’ a ^ 

% - is  a variable  travel  of  the  drivixg  band. 
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flit*  OlUZZld*  fctty  W-  “ is  the  total  length 

• * * r of  driving  band 

O / . travel  (or  length 

hence:  H~  ».- ■ - of  the  rifled  part 

of  bore) 

th«!  c-  tL.fax. 

' * * • %*{■%•.  r 

0 is  the  distance  from  the  beginning  of  rifling  to  the 
point  of  the  full  depth  of  rifling. 

Sinoe  JC  =:  C+  €g  then  for  angle  OC  at  any 

3C  we  have:  lif#*  3r  = fyotsCff/ctffy*)** ..(a) 

Table  25 


^ * 50  40  35  30  25  20 

0(*  3*35’  4*30*  5*07  J 5*58'l7  7»09U5"  8*56* 


2.  The  resistance  of  engraving  of  the  driving 
band  and  the  "shot -start*  pressure. 

Jig.  101  (p.  201  in  book)  shows  schematically  the 
relative  position  of  tbs  driving  band  at  the  beginning# 
its  travel  (a— ►b)  to  the  point  of  the  beginning  of  the 


full  depth  of  rifling#  when  the  gas  pressure  reaches  the 
value  of  "shot-start*  pressure:  ~ 

At  this  moment  ths  resir  aasc 3 of  engraving  is  at  its 


maximum;  then  the  dsfarmation  cf  the  driving  band  being 
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completed,  the  projectile  continues  its  travel  with  an 
abruptly  decreased  resistance  (see  Fig.  102,  p.  201  in 
book). 


Fig.  102 

n 

Variation  of  the  pressure  -y  neoessary  for  the  engrav- 
ing of  the  driving  band  and  moving  the  projectile  along 
the  bore  to  the  muzzle.  (76  m/m  gun,  type  of  1902) 
curve  ( y , C ) 

Experiments  1898  and  1899  were  conducted  with  the  pro- 
jectile pulled  through  the  bore  by  mechanical  or  hy- 
draulio  means  at  ordinary  temperature  - the  obtained 
values  of  the  resistance  were  markedly  exaggerated  in 
comparison  with  the  actual  resistance  developed  during 
the  firing . 


instructional  Characteristics  of  Several  Guns 
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«.  * 

Special  eipefinveht'a  with  a shortened  76  m/m  gun  using 

' >,  j* 

small  charges  in  such  a way  that  5o£  of  projectiles  re- 
mained ih  bore  after  firing  and  50#  were  thrown  out  of 
a muzzle  at  several  feet  distance.  It  was  observed  that 
at  pressure  loo  kg/cm.  ths  driving  bands  were  not  en- 
graved but  had  only  slight  indentations  of  their  front 
edge.  At  the  pressure  225-275  Kg/cm*  some  of  the  pro- 
jectiles remained  in  the  gun  and  others  were  ejeoted 
'from  the  gun  at  a distance  cf  a few  feet.  The  oonolu- 
sioh  was  that  the  firing  requires  a very  small  surplus 
pressure  for  overcoming  the  resistance  due  to  forces 
and  at  the  end  of  the  engraving  prooess.  Thus  the 
"shot-start"  pressure  was  determined  as  C\3  250  Kg/cm* 
which  value  can  vary  coryiderably  with  changes  in  rif- 


ling or  in  dimensions  of  th8  driving  band.  Prof.  N.  P. 
Drosdov  uses £ * 300  Kg/dm8  for  his  Tables.  Oranz  sug- 
gests jo  * 270  Kg/om*  for  76  m/m  gun  and  JO  *550  tg/cm® 
for  small  arms.  Speoial  experiments  of  P,  N.  Shkvornikov 


gave  J)  * 300-400  Kg/cm8  for  small  arms. 

Gabot  gives  tha  following  foimula  for  Jt>  i 


£66 

Hero:  U - elastio  limit  for  copper 


H - width  of  the  driving  band . 

d*  - effective  oaliber;  V - outer  diameter  of  the 

driving  band . 

dp  - diameter  of  the  projectile  near  to  the  driving  band. 
If  from  the.  general  equation  of  pyroetatice  we  calculate 
that  fraction  J f/  of  the  burnt  charge,  which  correaponde 
to  the  "foroiig  preaaure"  yb  i.e.J 


then  this  > as  a burnt  charge  before  the  projeotile 
starts  its  travel,  will  be  an  Indireot  evaluation  of 


the  significance  of  the  "forcing  pressure"  , Tim 
higher  y6  , the  larger  is  <aft  j the  steeper  ie 
the  ( pt ) curve  in  the  beginning  and  the  higher  will 
be  jb  . 


3,  Mechanical  reactions  ctf  the  rifling  during  the 
projectile:, travel  along  the  bare 


Fig.  104  (p.  205  in  book)  shows  schematically  a line  of 

a progressive  rifle,  point  1 a center  of  the  area^  Q 

- ''  * ■ 

at  the  distance  f from  the  axis  ctf  projectile  and  OC 

’!  I ' ' ' 

is  the  angle  of  rifling;  ax*~JC-  along  the  axis  of  the 
gun.  Aoting  fcroee:  A(  4 \AAf  and  where  /? 

is  a number  of  riflings;  radial  forcec  0 and  are 

negligible-/  { At  is.  a force  of  reaction  of  the  rifling 
on  the  driving  band),  Equation  of  the  rotational  motion 
of  the  projectile  will  be; 

n r Af  (cos «• - V Sin  . . ( 6 3 ) 

here  I * fr'dtn  r tnex  *-  is  a moment  of  inertia 


of  the  projectile,  Q is  a radius  ctf  inertia;  Jh  - the 

^ UJl.  / (feat!  ' •-* 


angular  velocity 


870 

for  the  progressive  riflings  . 

41*1*-  UlStlSfix  (constant! 

C/»  « 

for  the  constant  pitch: 

Than  from  W'  ( f toM&L***  . 

/Y-/J  \*rj'  Cot*~y$i*tk  ' -•  (64) 

Equation  cf  the  tranalatory  motion; 

. . (65) 


here  P - gas  pressure  on  the  projectile  and 
H ft(Suiot  +?£oi9l ) sr/?  is  the  force  at  resistance 

to  the  motion  over  the  surface  of  the  contact  of  the 
driving  band  with  the  riflings, 
or: 


(65)  will  ha  rewritten: 


Then  (64)  will  be; 
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As  - /■£  K 

* ft  \ /•/ 

^(c***-  c\>  / 

Thus  the  final  form  for  /V  will  be  .* 

lor  the  constant  pitch  of  rifling ; 

A=  (<y 

The  value  iff  varies  between  0.48  and  0.68  as 
for  example:  For  a solid  bullet  0.48*  for  a solid 
oylinde?  0.50,  Armor-piercing  thick  walled  shell  0,56, 
a thin-walled  explosive  shell  0.64  - 0.68. 


Fig.  105  (p.  207  In  book)  shows  how  tea  fo  -ce  A/  is 
affected  by  the  pitch  of  rifling; 
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Curve  1 with  Ot  = 10*  constant 

/ 

Curve  2 with  C(,=  5*  and 

P(x~  10#(progressive) 

Curve  3 with  2 and 

10*  (progressive) 

Braking  force 

At  the  constant  pitch  (Coi++*f)'» 

for  tne  progressive  pitch; 

if*  £ (fy«S$+Tl  Kjnv'Xfy*  * >>) 

for  the  constant  oC  : 


/•*  - /*  a constant. 

Ti»n  (65)  will  be s - 

thus  the  resistance  of  riflings  is  expressed  in  terms  of 
an  increased  mass  of  projectile,  for  ths  progressive 
pitch:  t * &k  is  not  a constant. 

4.  The  amount  of  work  necessary  far  overcoming  the 
resistance  R. 

for  the  core  tant  * /ps  ft  +y)s  5,# 


here 


«/\ 
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JrM*  X(/ifct+?fy*)S 

0 • 

^ ikl  1^  X 

here:  JilijK*  *j*  -5  is  the  work  producing  the 

rotational,  mot  ion  off  the  projectile. 

^y^oi^giV^ia  the  work  producing  the  trans- 
la  tory  motion  off  the  projectile  or: 

gm  jU  ft/t  ^ til  b i 

/*  r?  >T-  'ST'  u *!!rr7  t/~*n.£-»  • y - v .)r. 

H ’*  a V X>  V 7 "/  • V --  *7- 

Thus  we  have:  ^ 

OhanteiSJkS’jrormi'iae  for  evaluation  of  the  secondary 

,. v ^ •.?>"••  ■"  T-'  ■'  ■■-•■- " 

works. 


tile 


1,  The  work  producing  the  rotation  of  the  projec- 

• SJI  - Ig‘  Jlztnf;  Jl*  Up1 


Here:  cfb-  an  angular  velocity  of  the  projectile. 
2A-  a linear  velocity  of  the  projectile. 

X - moment  cff  inertia  of  the  projectile. 


= rf/V-  V*  *i<T/ 
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'jr..  2.  The  work  done  in  overcoming  the  friction  during 
the  travel. 

The  force  cf  friction  is;  ft  y /Ycesto . 

Hence;  ^ 

£3~  Jn 

3.  The  work  producing  tbs  aispiacomsiii-  of  the 

powder  charge. 

The  powder  gases  moving  the  projectile  at  the  same 
time  also  move  themselves  and  the  unturned  parts  cf  the 
powder  charge  - this  additional  work  is  performed  in  a 
very  complicated  way  which  at  present  Is  not  resolved 
yet  in  all  its  details.  We  have  to  resort  to  certain 
simplifying  assumptions  and  to  a mare  elementary  analy- 
sis of  the  whole  process. 

In  the  first  place  our  aim  will  be  to  find  the  ex- 
pression  for  the  kinetio  energy  of  the  parta  of  the 
powder  charge  moving  with  variable  velocities  &%,  in 
terms  of  the  kinetic  energy  c£  the  projectile.  We  will 
make  the  following  assumptions; 
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1.  The  whole  bore  including  the  chamber  has  a constant 

/ ’■  - - ’ X-  >''••• 

($)  cross-sectional  area  (a  varying  diameter  of  the 
ohamber  is  for  the  time  being  neglected). 

2>-  >?Tbe  whold  mass  of  a powder  charge  Ms  & during 

•<  ’ v ; f 

trier' travel  of  the  projectile  is  uniformly  distributed 
within  the  volume  between  the  bottom  of  the  ohamber  and 
the-bCttoir  of  the  projectile  (the  length  of  this  vol- 
ume } 

/r> 

3.  ‘The  elements  of  the  powder  charge  ere  involved  only 

l V.  •' 

in  their  tranaiatory  motion  with  their  velocities  7£j 
increasing  from  zero  at  the  bottom  of  the  ohamber  in 
proportion  to  their  distances  from  this  bottom  (linear 


law  of  velocities) i being  s^ual  to  tin  Telocity 
r»r*n  tii'5  Ob  lit  th*»ir  anntsoh  with  the"  bottom 

urK"mr 

' ■ <>  t- 


at  the 


projeotile. 

4.  The  friction  between  the  movii^  parts  of  tbs  water 
charge  and  the  walls  of  the  bore  is  neglected. 


Fig.  106  (p.  212  in  booh) 
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Distribution  of  the  velocities  2^  of  the  elements  of 
the  powder  charge  behind  the  projectile  ( OC  - variable 
distanoe  from  the  bottom  of  chamber) 
from  our  assumptions  we  have:  d d4-  ^ 


7" 


The  kinetic  energy  cf  the  mass 
or: 

a/ £ s At.  

6*  W 


DC 

-r-  r *3r 

^ y«. 


dps  ft*  4* 

ft. 


K'Vjr 


‘‘t'* ■ £•£'*•  m*1'* 


dp  or r . |p 

W 


Hence: 


MU' 


t+n 

frj  L. 

jc  a* 


_ / /* 


X ” $ ? A 


i<  i co 

Here  the  coefficient  5 T*  ^ vari®»  between  0.03 

to  0.13.  Other  possible  assumptions  concerning  the  dis- 
tributions of  the  masses  and  velocities  may  result  in 
other  values  of  as  far  example;  K^-  1/6  or  1/4  or 
3/11. 

4,  Waiting  into  account  the  widening  of  the  obamber. 

(A  correction  of  the  first  assumption  in  the  pre- 
vious article  3). 
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The  presence  of  the  different  diameters  of  the 
chamber  and  of  the  ,hore  introduce  a very  complicated 
problem  in  dynamics  of  the  gaseous  flow  in  non-uniform 
channels.  Our  basic  simplification  of  this  problem  con- 
sist*, in  the  assumption  that  the  whole  mass  of  gases 
outside  the  cylinder  with  the  cross-section  S is  un- 
morable  and  not  affected  at  all  by  the  moving  mass  of 
gases  within  the  cylinder  with  its  cross-section  S • 
Other  assumptions  of  the  previous  article  3 concerning 


the  distributions  of  the  mass  of  gases  and  their  veloc- 
ities remain. the  same. 


V v' 

Pig.  107  (p.  213  in  book)  gives  tbe  schematic  view  of 

this  oas«  - the  chamber  ha  a . its  length  £ , its  effac- 

.»  » % 

*.  ^ A 

>tive  length  and  its  diameter  larger  than  the  diameter 
of  the  bore . The  shaded  areas  show  that  volume  of  gases 
which  does  not  take  part  in  the  movement  of  gases  with- 
in the  cylinder  with  the  cross-section  S . 
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Then  the  relative  weight 


of  moving  gases  will 


w_  s&g.  /tv 

Of  ~ W0+S{  m A+l 

k€u:A~£o  , %-  j 


is  the  coefficient  cf  the  widening  cf  the  chamber. 


®“”!  (o'-  Ol  ■ Ar~r 


f\  -*•  I 

and  this  me 88  of  gases  is  moved  under  the  conditions  of 
the  previous  case  i.e.  instead  of 


we 


or 


will  haw:  ^ f = j b ^ 

* t($h 

If  7^-/  , then  - 3f-|^ 

Since  /|  is  a variable  value  ( ^r)  we  need  £ taken 
at  its  average  value  between  0 and  i-(. 

C-  iJtMifa 


and  /s  -£• 
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The  following  Title  25  fwith  two  entries  A and 
JC  ) gives  the  average  values  of  ^ . 

Title  25  (p.  214  in  book)  for 

1.0  2.0  3.0  5.0  7.0  10.0 

. . • a£ 

1.1  0.309  0.312  0.316  0.319  0.322  0.324  0.326  1, 

1.5  0.246  0.256  0.272  0.232  0.253  0.300  0.306  1/3 

whioh 

2.0  0.203  0.218  0.242  0.256  0.273  0.284  0.293  is  the 

limits 

3.0  0.155  0.175  0.211  0.244  o.soa  0.267  o.zao  for  P 

with  the 

4.0  0.1370.1600.1800.235  0.244  0.259  0.273incraaeed 

* - and  de- 

^ creased#. 


> *v 


5.  The  work  spent  on  the  recoiling  aye  tern. 
Denoting  as  tbs  weight  of  the  recoiling  system^ 
its  mass  M - ip  and  Its  velocity  V 

‘4=1 vkT  ■' 


we  have: 


1 »L 


•4'" 


totten  t* 
tt» 


fcittwioftfc. 

Prejwttfs 


Fig.  108  (p,  215  in  book) 


£80 

Schematic  view  of  the  assumed  distribution  of  gas  vel- 
ocities between  the  bottom  of  the  chamber  and  the  bottom 


of  the  projectile  within  the  recoiling  gun.  The  abso- 
lute ..velocity  of  the  projectile;  r 
The  absolute  velocity  of  the  bottom  of  the  chamber;  — J/ 


The  sab solute  (average)  velocity  of  the  charge; 

Hence:  — MV+fl /W  - O (equation 


of  the  linear  momentum) 


. and: 
then; 


r to  //»+%  )V _ to . O' j •*]  . 


T 


in  terms  of  weights; 


approximately: 
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If  tbs  equation  of  the  linear  momentum  ie  written  in 

terns  of  the  absolute  Telocity  t 

then:  o 

0/ 


Hands 


V~  W+W* 


K t s larger  for  the  howitzers  than  for  the  guns  be- 
cause $0  for  howitzers  is  always  smaller  than  for  the 
guns. 


65  Total  sum  or  too  douOuda Ij  Vrmko  1 


Now  we  oan  write  a more  -detailed  expression  for 
the  coefficient  \/+*Z  + *5*  *V  * #*)  in  the 
following  font:  (p-  + %0+Tf) 

In  cases  when  we  do  not  have  sufficient  data  we  may  use 
an  approximation  for  *p  given  by  Prof.  V.  31oukhotzky? 


» { and  K is  varied  with  the  type 

of  gun.,  namely':  Howitzers:  K * 1.06 

Guns  of  medium  power:  K - 1*04  - 1.05 
Guns  with  higher  power:  f(  =1.03 
Small  arms:  fr(  = 1,10 

Sugot  gives  another  expression  for  : 


H = 1,05  ^ 


Chapter  6 - Additional  questions. 


1.  The  relationship  between  the  gas  pressures  at 
the  breeeh  £ and  at  the  base  of  the  projectile  . 
Denoting}  tfi  and  £*  masses  of  the  projeotile  and  of 
gases  (unbumed  powder  included), 

J - the  acceleration  of  the  projectile 

- the.  average  acceleration  of  the  powder  o barge, 
we  will  have  for  the  base  of  the  projectile; 

£..5  = C5m/ 

. _ . » . : 

far  the  breeeh:  ^ 

A J i 

H,CM  : £ = &:{f  * 5*7 r)%  (/+  ijrpf) 

The  rati®  Um>  is  entirely  Independent  on  the  hypoth- 

y r 

eeia  which  is  assumed  in  respect  to  the  distribution  of 
the  gaseous  masses  and  as  well  as  of  their  accelerations 
in  various  sections  of  the  bore  behind  the  projeotile. 

At  the  linear  law  of  the  gas  velocities  we  have  y * 0.5 
«hi.hglY«;  fi  ~fc  (t+  i j) 
i.e.  Piobert*e  formula. 

During  recent  years  the  works  of  Prof.  I.  Crave 
and  Docent  E.  Shkvernikov  were  published  in  v&ioh  this 
problem  has  been  treated  on  the  basis  of  the  dynamics  of 
gases.  Here  are  given  ths  principal  formulae  of  these 
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works o With  the  following  denotations: 
absolute  velocity  of  the  projectile 
jJ’-  its  relative  velocity 
Y - velocity  of  the  recoiling  system 
^ - weight  of  the  projectile}  -weight  of  charge; 
weight  faf  the  recoiling  parts:  and  (fx  the 

coefficients  taking  into  account  respectively  the  forces 
of. resistances  to  the  motion  of  the  projectile  and  to 
the  motion  of  the  reooiling  parts. 

..  ...  ’ 

we  will  have:  y r * % and 

hence:  jg) 

&*&[/+**  Ofrif 

* / * » * ' * 

The  maximum  pressure  is  located  not  at  the  breeoh 
but.  at  certain  distance  from  it: 

where  the  absolute  velocity  of  the  powder  gases  is  zero. 
In  ths  basic  equation  of  pyrodynamics:  ftws  T^TiAAfft 
we  oonaider  ^6  as  a certain  avert ge  pressure  existing 
in  the  volume  behind  the  projectile. 

This  pressure  ft  is  given  now  as  a function  a?  ft  and 


When  '/  * 0 then  2 « 0 and ; fi-  %£-*■  iml 

h.n«i  />9>  *£(%*■£  ¥)=fe.  ('+***  Hi+KJ 

Thus  if  ve  disregard  the  recoil  then; 

va - n*  «•  ^ p f 

Then  our  equation  of  motion  of  the  projeotile 
>1U  b<!  ^*y».S  = <?/!»  or! 

This  result  is  very  important;  It  shows  that  in  the 
basic  equation  of  pyrodynamics;  fisfyQ*  7&jfc.2£? 


and  in  the  equation  of  motion  of  the  projectile; 
Ps~Vm3p  or:  PS- <ftoV--£ 

the  values  of  and  (p  are  the  same  and  TP  (velocity 
relative  with  respect  to  the  gun)  is  the  ballistic  vel- 
ocity involved  in  calculations. 

Par  gws  and- howitzers  CPt  = 1,02 
for  small  arms  % = 1,05 

For  armor-piercing  bullets  1.07 
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the  coefficient  2 is  given  by  P.  Shlcvornikov  as  follows: 

'Rifles  and  machine  guns  Z - 0.0015 

< 

Anti-tank  *if lee  t * 0.0030 

l 

For  guns  Z = 0.0200 

For  howitzers  Z s 0.0350 

2.  Heat  emitted  through  the  walls  of  the  gun 

barrel. 

In  Section  II  we  have  Seen  how  the  heat  emission  in  case 
of  a oo..stant  inner  surfaoe  ( ^ in  the  bonto)  can  be 
evaluated:  according  to  Uuraour's  theory.  Now  we  wLll 
introduce  an  additional  complicating  factor  - a variable 
inner  surface  of  the  bore  ( 21  ) which  varies  from  the 
surface  of  chamber  2^  to  the  surface  cf  the  whole  gun 

oanal  2L  from  the  breech  to  the  muzzle.  We  will  con- 

€ 

alder  only  the  cooling  effect  of  the  walls  of  the  gun  on 
the  hot  gases  neglecting  the  heating  of  these  ^alls  by 
mechanical  effects  of  friction  and  deformations  produoed 
by  the  moving  projectile.  The  basic,  assumption  will  re- 
main the  same  as  in  the  case  cf  the  bomb  namely  - the 
heat;  losses  are  proportional  to  the  number  of  impacts  cf 


hot  molecules  of  gases  against  the  ooollng  surfaoe..  and 
this  number  1b  a function  of  21,p,  & '•  viz*  zjM- 

finrltic  t. hp. 

»© 


The  surfaoe  of  ths  chamber  during  the  whole  process 
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of  firing  is  affected  by  the  hot  gases  whereas  the  sur- 
face of  the  rifled  bore  is  gradually  involved  in  the  oon- 
tact  with  hot  gases.  Tbs  closer  to  tbe  muzzle  is  a part 
of  the  bore,  the  shorter  is  the  time  of  action  at  the 
hot  gases i and  the  smaller  is  the  heat  loss.  After  the 
momsnt  fc)  (when  the  projeotile  leaves  the  muzzle)  the 
process  of  heat  emission  is  continued  over  the  whole 
surfaoe  of  the  bore,  but  since  this  process  doss  not 
affeot  either  the  pressure  or  the  velooity  of  the  pro- 
jectile far  the  time  being  this  phase  oen  be  omitted. 

The  whole  procedure  at  the  heat  loss  evaluation  is  as 
follows,  first  df  all  by  preliminary  experiments  in  the 
bomb  the  time  and  tbs  coeff  Jc  lent  at  the  den- 

sity of  loading  A = 0.20  must  be  determined,  then  if 
this  powder  will  bum  in  the  chamber  Wm  at  the  constant 

density  of  loading  A,  the  corraotion  for  the  heat  loaaea 

© 

would  be; 

“r,‘  *i:  i- 1 

4 

D - the  average  diameter  of  the  chamber. 

(£’-  the  length  of  chamber  . 

If  this  powder  will  buiii  in  tbe  volume  of  the  gun  canal 
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IVfis  at  the  density  of  loadingi^p^^.  ^ 

then  the  heat  losses  will  be:^^Z*%^s  ~~  '$r  » a*-' 

The  value  of  the  aotual  lossas  will  he  between  (70')  and 
(70)  and  in  order  to  determine  this  value  corresponding 
to  the  varying  conditions  of  ohanges  in  the  pressure  and 
in  the  cooling  surfaoe  we  must  know  as  functions  of  time 
the  variations  in  the  pressure  and  in  the  surface  at  the 
gun  oanal,  where  increments  are  proportional  to  the  pro- 
jectile travel^,  liuraour,  using  the  curves  (/i^)> 

( *L,£)  or  ( t ) proceeds  as  this  is  shown  on  the 
Tig.  100  (p.  221  in  book) 


Tig.  109 
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Muraour’s  scheme  of  evaluation  of  the  heat  emitted 
through  the  walls  of  the  gun.  Curve  I ia  { ) curve,* 

Curve  II  is  a >o  curve  j the  point  CJ  marks 

the  end  of  burning  ^6*  fa)  . The  area  o/iM  'o 

i>  IH- JfiM 

The  area  C'yfc/fcC"  is.  Zjj  representing  an  addi- 
tional cooling  during  the  seoond  period  after  the  end 
of  burning  lasting  until  the  projeotile  leaves  the 
muzzle  ( tj,  )» 

If  the  cooling  surface  were  constant  then  the  right  part 
of  (70)  or  (70*)  should  be  multiplied  by  the  ratio  of 
tl»  areas;  ^>/  ; however  the  cooling  surface 

varies  from  iE*  to  * 1 as  is  given  by  the  curve  II 
so  that  our  oorreotion  will  consist  of  multiplying  the 
ordinates  of  curves  I and  II  which  result  is  represented 
by  the  curve  III. 

Then  tie  ratio  of  areas:- 

gives  that  fraction  of  the  value  of  the  right  part  of 
(70)  which  should  be  taken  as  the  actual  relative  lower- 
ing of  the  tempo rature  T . (Muraour  found  this  fraction 
equal  0.43  - 0.-16) 


A 

oabACo  _ 
°/M.ACo  ~ 4V 


£89 


Then  we  have; 


J£ 

yy, 


(71) 


777* 

This  cooling  effeot  c f the  walla  of  the  gun  canal  varies 
wi thin  a wide  enough  range  (from  1 % for  158  m/m  gun  to 

150  for  small  arms) . 

❖ 

Prof.  11.  Serebryakov  gave  his  method  for  the  evaluation 


. * *r.  . 

of  (¥%)  without  using  the  ourves  ( M ) and 
( €,&  ) as  follows:  ^ 

Since:  ft)  ana  fOett-  ctl}  A*(71) 

can' be  rewritten: 


but  we  have:  dlh  r S/bcc6  s StCI 

hence : UXZ  at- 

heye  ]tfi  is  that  velocity  of  the  projectile  which  can  be 
obtained  at  the  moment  when  i>- s£  provided  there 


was  no  previous  engraving  pressure 

k fi#  > £*  Mz 


then: 


o 


and  (72)  will  be: 
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Now  from  the  list  of  definitions  and  notations  ws  hays: 
No.  48.  Working  .surface  of  the  bore  X,  at  the  beginning 

(*S4 ) 

No.  49.  final  working  surface  of  the  bore  Xc  at  the 
moment  . 

No.  50.  Working  surface  of  the  bore  at  any  moment  t 
and  there  are  given  the  values  of: 

4 «»aa  -4*  A 


i-  i M 


Thus  (72»)  can  be  rewritten  first  for  ths  ease  « heat 
losses  during  the  travel  of  the  projectile  aloig  the 
bore:  ^ 

' (I- ,„v 

e 

and  we  have  to  add  the  heat  losses  in  the  chamber  dir- 
ing  tne  preliminary  period  (from  iho  to  )„ 

Es.  & _ C»  r.  <2*^ 

7-W  * T«  ~ 7.m'  |f  ’ 2^^)  - (74> 

Summing  up  (73)  and  (74)  we  will  have  the  relative  lower- 
ing  of  the  temperature  through  the  emission  of  heat  to 
the  walls  during  th3  travel  of  the  projectile  along  the 
whole  gun  canal: 
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i~%)~  Jk-  Is  . =%-£s.4-<75> 

' T / "a/  £ foV  Jfc)  Z7J*  » f 

At  the  beginning  >--0  and  (75)  becomes  identical  with 

(70).  At  the  end  of  ihe  projectile  travel 
and  (75)  will  be: 


( 


7^*)=  Sa~  If.  f4^t£±:  A- 


(76) 


-•v  -#  -/*/ 

Tar  the  calculation  of  (76)  we  need  only  the  curve  ( 

Tig.  110  (p.  225  in  book)  shows  that  ^ is  the  ratio  of 

L — <S^A 

areas:  7),  “ 

The  rectangle  (K^hcCd  represents  the  heat  losses  within 
the  chamber , the  area  Ofj^ro  represents  the  heat  losses 
in  the  rifled  bore,  the  rectangle  SLOKcC H represents 
tvj3  heat  losses  during  the  preliminary  period.  The 
factor  ^ represents  the  ratio  cf  total  losses  of  heat 
through  the  walls  of  the  whole  gun  canal  (taking  into 
account,  the  gradual  increase  of  the  cooling  surface) 
to  the  heat  losses  within  the  chamber  at  the  end  of 
burning.  The  factor  in  (75)  represents  ths  above- 
mentioned  ratio  at  any  given  moment.  The  Fig,  110  rep- 
resents the  curve  ( £<&')  where  a function  cf  the 

independent  variable  ; fig.  Ill  represents  the  curve 
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{ lf€ ) where  V' is  a function  of  independent  variable  € , 
Then;  the  ratio  ^in  terms  c t the  curve  ( tyf)  will  be 

(75t} 


and 


f* 


4- 


<aea t^ssjhr 


There  are  Tables  (Chief  artillery  Board  Tables)  in 

which  1£*m  is  given  as  a function  of  € in  terms  of 
£'  > cr 

^;A  with  <f  * 1.05.  Introducing  lh  - 3 —2  • 

■f*  ffoooo;j  ; VJJ  - fVS~ 

.111  have  (75’)-  j- ?(>**)% 

. V-.  *!«$%■  <P*_  VKt  J_  / 

■ v-r—^st  W'/s  i/UMIS-7S^i 


Than  we 


now 


3t- 

V} 


or: 
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Then  (75*)  will  be; 

and  (76* ) 


Rote; 


in  calculations  of 


*> 

and  W,  are  taken  in  cm*  and  cm?. 


the  values  of 


$94 

Table  26  gives  the  results  calculated  for  the  76  m/w 

type  1900  with  the  strip  powder  ( id,-  1.03  m/m)  and 

CM  » 4.6%  for  various  CO  and  A • 

Factor  £L  . 

7.77V 

then:  Hr' ^ 


ft 


-Z. 

4 


is  denoted  hyAV 


Table  26 


(0  = 1.041 

0.892 

0.725 

0.558 

A a 0.613 

0.S25 

0.426 

0.323 

^ * 1*36 

1.51 

1.75 

2.24 

^ * 3.01 

2.83 

2.54 

2.11 

(¥#•  0-75 

0.98 

1.39 

2.32 

1.67 

1.83 

2.00 

2.18 

7.79 

9.98 

14.23 

25.05 

#rz  0.553 

0.646 

0.795 

1.034 

milar  calculations  for  various 

calibers 

crease  in  caliber  cuts  down  the  heat  losses  on  acoount 
of  deorease  in  2jS  . For  small  arms  ^•^jt %Css/OVo 


and  can  by  reduced  by  taking  smaller  /sr/?  7*.  » i.e. 
a lower  temperature  ft  . For  guns  having  oaliber  from 
37  m/m  to  76  p/m  the  heat  losses  ars  2 - 3 % which  is 
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the  same  amount  evaluated  in  the  experiment  a with  the 
manooatrio  bomb,  Thtia  f determined  in  a bomb 

can  be  applied  to  a gun  without  any  ocrreotion  for 
the  heat  losses. 


296 


SECTION  V - The  Outflow  of  Qase-a  term  jthejjgjm 
General  Remark?  ^ 

The  principal  equations  of  Interior  Ballistics 
make  it  possible  for  us  to  describe  the  travel  of  the 
projectile  up  to  the  moment  of  its  leaving  the  muzzle 
of  a gun. 

But  the  gas  action  does  not  cease  at  the  moment 
of  ejection  of  the  projectile.  For  a certain  definite 
interval  of  time  after  that  moment  the  projectile*  as 
well  as  tne  gun,  are  still  under  the  influence  of  the 
so  called  "after-effect"  of  the  powder  gases  continu- 
ing their  pressure  on  the  projectile  and  on  the  barrel 
of  the  gun.  During  the  period  when  the  projectile  is 
within  the  bore  we  know  how  it  is  possible  to  establish 
with  some  approximation  under  certain  conditions  the 
relationship  between  the  pressure  acting  on  the  bottoms 
of  a gun  barrel  and  on  the  base  of  the  projectile.  As 
soon  as  the  projectile  is  out  of  a bore  together  with 
certain  part  of  gases  the  gas  action  on  the  projectile 
becomes  abruptly  changed  because  the  gases  are  not  any 
longer  within  the  tube  and  another  part  of  gases  is 
still  within  that  tube.  The  gases  left  in  the  bore 
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continue  their  motion  from  the  bottom  of  the  chamber 
to  the  muzzle  ancU  only  after  passing  through  the 
muzzle  are  they  dispersed  into  the  air  outside  of  the 
bore.  As  a reaction  to  this  motion  of  the  gaseous  mass 
the  mechanical  recoiling  mass  increases  its  accelera- 
tion in. opposite  direction  and  the  actual  maximum  of 
the  velocity  of  a->  projectile  and  the  velocity  of  the 
recoiling  system  are  reached  after  the  time  when  the 
projectile  leaves  the  gun. 

While  almost  the  whole  mass  of  gases  continues  its 
action  on  the  barrel  of. the  gun,  only  a small  central 
part  of-  the  gases  continues  its  action  on  the  base  of 
the  projectile  with  a larger  part  of  gases  outrunning 
, the  projectile  and  dispersing  in  the  air  around  it. 

’ But  this  comparatively  small  increase  of  the 
actual  muzzle  velocity  is  not  to  be  entirely  neglected 
because  very  delicate  mechanisms  in  time  fuses  and 
detonator?  are  beginning  their  functioning  exactly 
during  this  period. 

But  not  only  for  the  complete  and  accurate  knowl- 
edge of  the  influence  of  the  "after-effect"  on  the 
projectile  and  recoiling  system  v*e  need  a detailed 
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study  of  the  gas  dyiuudcs.  There  are  several  other 
important  practical,  applications  of  the  theory  of  gas 
floy  through,  various  orifices: 

1. -  Automatic.  *rms  with  powder  gases  deflected  from 

the'  bore . 

2.  Guns  with  a separate  burning  chamber  and  separate 
hassles,  (Gas  dynamic  or  hydrodynamic  guns) 

3 , • Recoilless  guns . 

4,  Guns  with  muzzle -brakes. 

5 i Mine,,  throwers, 

6i  Special  manome trie. bombs  with  tozzles. 

7*  Chambers  for  the  jet^projectiles  or  rockets. 

• , In  all  these  cases  we  have  the  gas  outflow  under 
the .high-pressure  through  various  orifices  and  channels. 
All  t ho, -sought  for  relationships  are  found  first  for 
the  simplest  elementary  cases, ■ Only  after  the  intro- 
duction of  more  and  more  rest-  icting  conditions  and 
more  experimental  corrections  e and  more  accu- 

rate » practicable  results  be  ob.  d. 
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Chapter  1 - General  Information  on  the  Gas  Dynamics 
1.  Velocity  pf  the  outflow  of  gases. 

Denoting-  U,V|W  - projections  of  the  gas  velocity  on 

the  coordinate  ax6S. 

X,Y, Z - projections  of  the  external  forces 
on  the  same  axes. 

i - density  of  unit  mass  of  gas 

c,  p - the  pressure 

The  basic  Euler 5 3 equation  c-"  the  hydrodynamics  along 
the  Y-axis  will  be 


The  analagous  equations  can  be  written  for  the  other 

axes. 

* 

We  will  consider  one  dimensional  motion  along  the 
x»axis  produced  by  the  pressure  differencb  in  the 

t 

absence  -o i the  externul  forces  (X=  0): 

ulM  17S) 

m*  ^ *^1  1,  — x*r  «-=ri  1 *2  i ' * t=^- — : * - • - f * 


**  if  **  ~ f 

For  stationary  motion » 0;  D and  p are  functions  of 
x only,  so;  , , 

' U'  s ~ if  * 2x  * °r:  “ }£*  MV :<*(%  ) 

Exchanging  the  density  f*?.  in  terras  of  weight  or 
1 

« # where  W is  the  specific  volume  of  the  gas  we 
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will  hare: 


-l <i(£)  ■■■(11) 


Denoting  W]_,  velocity  D^  and  pressure  Jg  of  tha  vessel 
fro”!  which  the  gas  flows  out  by  the  subscripts  1 we* 

after  integration  of  (79) » will  have: 

ffc  j ..i 

= y ....  (do) 

A p v 

Considering  an  adiabatic  procsss  for  which 

>0*v*=A*r*  CSm»S&. 


hence: 


Wr  7-=. 


>. \i 


J f d*  _ (/*</.* 


Then:  =(S  « ^ 

or:  yy  £n.  JH  [h  *1  £ ~ f>wSl—( — J *Z- 

"•ft  ' /-*-•••  x \ nr  J 


This  is  Saint-  Venant’s  formula: 


U=W>W*>f-(%r*l  - - - - (8D 

If  the  gas  flows  out  of  a large  vessel  and  » 0 
then  we  will  have  the  gas  velocity  U for  the  gas  flowing 
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from  the  vessel  at  pressure  Into  space  at  pressure p : 


If  />  * o (the  gas  flows  into  a vacuum)  then: 

v£?A»r«\S3 fy*c, 

(velocity  of  sound  corresponding  to  the  state  of  gas 
with  ft  l*{and  T,  . ) 

HwS<*  U».x=  YtfT  • C, 

Thus  (82)  will  be: 

i>*  c, 

Fig,  112  shows  how  the  velocity  varies  as  a function 
. A > / / /_  / / 

of  (■^•^•at  p ~ o t U " With  the  increasea*^/ 

(the  antipressure  ^ working  against  ihe  gas  flow)  U 
is  decreasing  and  at  There  is  a point 

of  inflexion  at  ^Se  (#Ik  and  Un  (critical  values). 


li  3 own . 
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Fig*  il2  U as  a function  of  -g-  * X 

n 

2.  Weight  of  a discharge  of  the  gas  at  the  unit  of 

time  - 1 sec;  G««.  

J |e 

6*=  s9v*sfffift*[W"pes) 

here  5 ia  the  cross-section  of  area  of  the  flow,  and 
? density  of  the  gas.  Inserting  9*  £a  jg 


we  will  have: 


a." 


(84) 


(Zeiner 'a  formula ) 

Denoting;  £*  x «W  1/25. £'  r , 

<7  f A-f  "t 

m to7e  • <3*..=  <?-s  yxi  jc'*'  s a,sf(xj 

At  the  steady  motion  of  gas  Q is  constant  , 

$*G 
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The  ref  ore ; $ Z -g-  = Coe  $t> 

ana : Q ~ . ..■■  ■■■ 

0 m 

i.e.  the  cross-section  af  the  flow  varies  in  inverse 
proportion  to  . The  f unc  ti on  ftv  has  its 

maximum  ati  A r (JL)™ 

thee  S will  be  at  its  minimum  and  (2  will  be  at  its 

A ” 

maximum.  This  ratio  ( is  called  a critical 

^ * 
pressures  ratio  and  the  corresponding  minimum  of 

is  called  ■* critical  cross-section"  of  the  flow. 

The  value  of  is  a function  of  K (see  Table  27) 

Table  £7 

k-  1.41  1.30  1.2b  1,20  1.10 


Mr 

0.527  0.546  0.555  0.565  0.585 

Putting  "3r s '.{  $1*  in  tftPA  w«  will  har 

jo  . 

’ 3 

,)  - = JZ1  n 


II  -sl&ZZl 

r 


f f%VS 


sinoss  ~ ky-' 


then;  U,-  * 


o.  w;. 

cr 


c (Sound  velocity  at 


How  if  we  substitute  JCer~  and  S*S» 

(minimum)  in  the  formula  (84)  we  will  have  the  lb  11  ow- 
ing , value  of  the  discharge  6^.  critical' 

pressure  and  critical  velocity: 

S = v(4\fe- If-^* 


He**  -the  coefficient  \I~tA7L  ( h*i~J  i®  almost 

,*<.%  w ■ ^ y »»•  • \ ’ 

a constant  as  it  is  shewn  in  Table  28. 

Table  28 

/f=  1.25  1.20  1.15  1.10  1.41 


. 6.518  6.424  6.325  6.224  5.707 

© 


jn  ...  . ...  S'  — A $mfi 

Utg.-®®*1-  00  *'0"ri  UVOii  a°*  y^*~ 


VtsAallkO 


»*.»  #7%*  ./ 
r*-*  * / 


C = >4  C £ . . . (85) 


*7»#  / 


Here: 


A - a constant  depending  on  the  nature 
of  powders  and  their  temperatures  *V,, 
minimum  section  of  the  gas  flow  . 

*■  the  pressure  under  which  the  gas  is 
flowing  out  <£  a vessel. 
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The  coefficient  A is  a characteristic  of  at  S * 1 
and  j>  * 1 (its  dimension  is  sec."1). 

When  the  gas  is  emitted  from  a vessel  the  temperature 
within  the  vessel  T is  always  lower  than  T«  and ftWfRT 
where  7\7/ 

Therefore  it  will  be  more  correot  to  write  ; 


Table  29 

K. 

vs 

w V 

'"'it 

1.1 

1.2 

1.5 

.OQO,pOO 

0.00622 

0.00642 

0.00661 

900,000 

0.00656 

0.00677 

0,00697 

850,000 

0.00675 

0.00695 

0.00717 

800*000 

0.00695 

0,00718 

0.00739 

’The  coefficient  A has  been  introduced  by  V.H.Trofimov; 
for  the  pyroxilin  powders  A = 0.007  and  for  the  nitro- 
glycerin powders  A - 0.006= 

■ ' 3,  The  total  mass  expenditure  of  gases. 

The 'total  mass  expenditure  of  gas  Y for  a time  t is; 

V=/4^ 

Since  we  have  had  that : A Sm  Pt 


see 


L 


here  - 'is  the  pressure  in  the  vessel 

Sm  is  the  orifice  of  the  outlet. 

If  we  have  a bomb  with  a nozzle  and  the  pressure 
within  the  boob  is  generated  by  the  burnii£  powder  then 
we  can  write;  y?  AS^Jpatf  *>  dSmZ , 


& 

then:  Yq  * $ A TX,  the  end'  of  burning. 

This  formula  is  very  well  verified  by  experiments 

**  • 

in  a bonb  used  for  bumi%  of  powder  grains  in  the  fora 
of  cylinders  with  perforations  having  diameters  froa 
1 o/m  to  3 m/m  and  at  the  pressures  « 2000-2500  Kg/cm* 
4,  The  relationship  between  the  pressure  and  the 
oroes-seotioii  of  the  gas  flow. 

\(hen  th6  gases  flow  out  through  a conical  nozzle. 


the  pressure  is  decreased  in  the  direction  cf  flow  and 
the  velocity  of  flow  is  increased 


HHi 


fl  a a 


rr:  V—  TV.  ■*  ' a J <t  « a V.a  a a 4» 

WU5  XT?  U|  w _ UUQ  UJ.O  U44MAK*  SIP 


'+X  -J  UUP  U10V^UJ.Q: 

/2 


the  eroas-seetion  and  is  discharged  at  a crit- 
ical cross-section,- then  using  the  equation  of  contin- 

Css  (P  *• 

, , Oft)  M||f  Ox  Wy 

uity  we  can  write:  -ay—  5 -Sr- 
Here  S*,  " the  orifice  of  the  .otzzle 

^ - the  cross-secti on  where  X*  £ 


But; 


Ut 


Sr»  & l/2Fs 


and  from  (84); 


••  J |/«MWHi»  LJ 

.aw  r^/  W 


c Jljksi-  c / 

Therefore : JC  y #*-/  ”*  »<"<  i 


i ^ \*# 

31“ (**'  * *7 


i/VisT 


JC  \//“  x 


Latt* 


w. 


Here -the  relative  cross -section  (-y—jis  given  as  a 

Ofn 

p 

^function  of- the  rela  tive  pressure  X*(fa)  beyond  the  mini- 
mum orifice 

Table  30  for  <5^ «<g  facft'<ofi*fX4*dK. 


1.2  1.0  1.010  1.143  1,309  1.477  1.639  2.260  2,967  3,625 

1.251.0  1.007  1.126  1.282  1,438  1.590  2.162  2.802  3.405 

1.3  1.0  1.005  1.115  1.258  1.404  1.545  2.075  2.670  3.214 

1.4  1.0  1.002  1.093  1.218  1.346  1.470  1.931  2.440  2.900 
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5.  The  reactive  force  developed  in  the  vessel  which 
is  losing  gases  through  the  orifice  in  its  wall. 

Fig.  113  shows  a vessel  with  gases  under  a pressure 
p acting  on  each  element  a of  the  inner  surface.  Tbs 
outer  pressure  ^ of  the  atmosphere  ia  noting  in  the 
opposite  direction.  If  the  orifioe  having  its  oross- 
seotional  area  $ is  open  then  the  gases  begin  to  flew 
out  of  the  vessel  and  the  vessel  will  be  under  the 
effects  of  tin  two  following  forces; 

1.  Force  R “ S(/>*/^)  which  acted  before  the  opening 
of  the  orifice;  . 

3.  force  caused  by  the  outflow  of  the  case  of  gases 
and  Is  determined  by  the  "linear  momentum  principles 

Udi*  « R*dJt 

or;  U ^ $ U dfc  * R d* 
hence;  R 


k ft  « * 

p p 0 

Fig.  113  Schematic  view  of  the  outflow  of  gases  from 
the  vesael  and  the  reactive  force  acting  on  the  vessel 


309 

= „yf>+ 

The  assumption  is  mede  that  there  is  no  displace- 
ment of  gases  within  the  vessel  ( U*  0 ) and  if  the 
vessel  is  sufficiently  large  then  the  total  momentum  of 
gaseous, ju' as  ,1s  not  changed. 

yts.iforoitila  for  H being  referred  to  the  opening  ^ 
of  the  expanding  nozzle  with  />•£  and  U~Ui twill  be: 

ft  = %\ 

* , ' - 

Now  # Ua  * j fi  should  be  referred  to  the 
minimum  cross-section  5^,  and  the  inner  pressure  Jb  ► . 
in  formulas  (88,  and  (86).  Thus  we  will  haves 

H+f  jRJ1 

**  # 

' ; -*'■  ; >"?»  *7  ' » 


Thus  the  total  reactive  foroe 


here;  X,r  ^ and 

Here  we  have  ^ ^ rJw  as  factors  affecting 

the  value  cu’  H but  only  /?  and  ^ are  involved  in  a 


310  , 

k \ p, 

direfdtly  >r6portional  influence  on  the  value  of  H. 

We  may  rewrite  H in  this  Way: 

' K-?s 

***  ?=  [/+%■  7^J-,98> 


The  coefficient  ^ for  a given  nozzle  is  affeoted 
only  by  the  value  of  K . ^ Is  not  affected  neither  by 
^ior  by  p.  This1  coefficient'  is  called  "a  coefficient 
o£  the  propulsive  action*  (Langevain).  If  there  is  not 
a ‘special  nozzle  but  an  ordinary  orifice  then  at 

*.***«(&*■ 

*e~will  have: 

* * 

- t/ii.  **■ 

/» 


* ~ X( h)  0 * S ^ )»/**  >.x (eo ) 


If  the  nozzle  is  an  indefinitely  large  one  and 
open  into  vaouum  then  DC  - o 
and 


K 

«~ 
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Table  31  gives  the  values  c f ^ corresponding  to 
various  values  of  and  ( or  ratios  of  the 

oross-aeetional  areas  a jJ  diameters  of  the  opening  of 
the  end  cf  nozzle  (a)  to  the  minimum  croes~section  of 
the  flow  !m) 

. • 1 

Table  31 


1 1 5 1 ^ 8 

jZ — CTJ — 1. 35  1778 — I7SC — EW — 1^5 

1 1 ? Ig 2* 33 

» I 

from  this  table  we  observe  that  the  reactive  force 
B is  considerably  increased  with  the  enlargement  of  the 
end  of  a nozzle  d*  only  to  a certain  degreai  for 
the  diameter  tl<%  la  'gar  than  $c/m  R ia  not  any  more  as 
responsible  as  it  in  for  . In  jet- 

pro  j ec  tile  s 3 

0.  The  principal  formulas. 

The  velocity  of  the  outflow;  U9 

here  £ and  W,  are  the  pressure  and  specific  volume 

/ 

of  (gases  in  the  vessel  from  whioh  the  gases  are  dis- 
charged. The  discharge  in  1 see.  through  the  cross- 
sec tion  is  s 


MOMMA 


212 

Harts 


A 


t f>,  i: : : 


Jl  • 0.007  for  pyroxylin  powder 


006  for  nitroglycerin 
powder 


The  die  charge  of  gasee  as  a function  of  tine  t; 


y*  fatdtxA.S'.jw 


% • 

'If  the  gasee  are  formed  by  the  burning  powder  then  : 


k / y'JSmZ' 


and  X>  - A 77 


i 


(at  the  end  of  burning) 


The  reactive  force  H * 

When  we  have  the  oaae  of  gases  discharged  from  a gun 
with  a moving  gaseous  mass  in  the  bore,  then  our  assump- 
tion as  to  the  constancy  of  the  total  momentum  of  gaseous 
mass  in  the  vessel  is  net  Justified.  We  have  to  consider 
another  tern  which  corresponds  to  the  increase  of  the 

/*  '■tM  I.  . i 1 V* 

momentum  on  account  of  the  presence  of 

\ y j ^ 

which  is1  thfe  iscrsaEe  is  the  impulse*  moving  the  mass 
of  the  charge  wx th  a oertain  average  velocity,  say 
(assuming  tbs  linear  law  of  the  increase  of  gas  vel- 
ocities). 

Then  B ~ 
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Chapter  2 - xhe  application  of  the  principal  formulas 


i 


concerning  the  discharge  of  g 


1.  fhe  ai echarge  of  gases  from  the  vessel  of  a 
given  volume.  Suppose  we  have  OJy  of  gases  in  the 
volume  H£.  The  initial  state  of  the  gases  is  determined 

We  propose  to  find  how  the  pressure 
and  temperature  will  vary  as  functions  of  time. 

We  assume  the  adiabatic  state  of  gases. 

Them  (£.  J*a  & but  W.  ? and  -Sr- 

I fi/  IV  «V  iC.  idt 


'ft'  " ' *> 

here;  A'e  S 

' * A /£)'«' 

but;  »a(fcy 


X+f 
/ S \ ^ 


th«: 


By  differentiating  {90)#  we' have; 

A X . /?  w 


« ■ 4r  ^ 5 “ ir  ^ 


After  reparation  of  the  variables? 
where  we  denote;  .,..4,  „ 

fltMt/fi  , £ 

gnaw*;  5/  ^ S3 

CO  * t*i 


i ’ 


einoe  3C  « 4r  ^t 

then  the  left  pert  id  11  be J x~tr- 

v/*  #-**  /*®. 

Or!  /*  •*?«/*»-  f/rf 


B“M1  F?//_  ^r7-  it> n ! *■  "/  , 

Au:  3'=  £s„  £|/$ ;Kj*\ji&  (&)*' 

This  t.i*e  le  required  for  discharging  the  gae  out 
of  tliivW  which  bring  a down  the  pressure  from  p/  to  p. 

, This  relationship  holds  true  .up  to  the  tine  when 

• fa  »**** 

the  ratio  ["fi/  becomes  * critical*,  If  the  die  charge  is  f< 

... v ' AV«I*J  /&  \* 


Biade  into  the  atmosphere,  then  critioal  •*.n» 

*•»•»  An" 


The  total  time  of  discharge  at  JCLwill  be: 


/ / r * ,7 

for  various  tv  we  can  calculate  the  values  of  p and  thus 

» ^ .*  i‘  \ 

the  {pt}1  curve  can  be  computed, 

! ye> 

Solving  the  formula  for  t with  respect  to  ^ v %*■ 


we  will  have: 


f r C2  3 iV  ? f 3 (.  K' 


r/»f’  ^aF%&-(92) 


W®  have:^  s and:  ]~ 


’•‘(94) 
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from  ( 94) . and  {92}  we  see  that*  the  decrease  in  tsm= 
perature  7 is  not  so  sharp  as  the  decrease  in  pressure 
P* 

\ , 

2.  The  discharge  of  gases  from  the  bore  after  the 

■H* 

ejection  of  the  projectile  from  the  gun  (t  * 4). 

We  can  apply  the  above  relationships  to  the  gases 
left  in  the.  bore  when  the  projeotile  has  passed  the 

**  \ i * %.  * t* 

muzzle  * Within  the  total  volume  ^ have 

OJ  of  gases*  i.e.  the  speoifio  volume  of  gases 

— co 2T“ 

herei  /l»y  ; A ~ sr 

•>*  v.  -•  r»» 

At  the  beginning  the  gas  pressure  is  ; temperature  T* 
cross-sectional  area  of  the  opening  5.  __ 

Tuning. 73  = lix-K.\ |/p* 

wo  can  write  the  following  expressions  tor-  : 
le  Pressure:  y6  s ^ 


Tr^FTP 


2,  Temperature:  7*5 


77 


r«?* 


, //A>  :7 


a.  Time  or  axscaarge;  ~ -r*  /( — /# 

®'i.'  r*  * ~i 

All  these  formulas  ars  -valid  up  to  the  moment  when 
X*  X (critical)  = 0.565-0,545;  i.e.  whenyba/^s*a  ;r^* 

*<SV\ 


I***4*  1 mpi  m"T  th  « ^ ^ om  KawMa  * ^ —a  - — // A.  j -*7 

utJM-JL  H^lgg  vl  Hi  O -^.yMuuAPtw  f f _ — 


i // 


^ &*i  ( **/  ~ii 


Sample  s ^ / /tjf  ^0/  #3  * !.q2q<*'ca+oS]q 

V*Ztco;  fa.  * ito^jjcuX;  i-W;  W 1/  ,£ 

$*  y/ •j4av  -/PJo ; fa*  aoiw*. 

The  time  of  discharge  till  tba  pressure  will  be  20  atm. 

4.*  nj»E^V-H-o-o'f7 


* , ' /,  »' 


Jf  %**?%* /f ***'*■ 


tl  -* 


/Ho 


74/1'*/*  r *?/(•: 

|»'  ' ' ■ n "•  ~ 


* /*’/o(£*0ZY«3)1 

3.  Th*  after-effect  of  powder  gases  acting  on  the 
recoiling’ mass . 

The  reactive  force  R (87,  88)  imparts  a velocity  V 

* 

to  th©  recoiling  mass  Q* ; this  velocity  reaches  i us 
maximum  V*.  hi  tar  the  cement  p4  wnen  the  projectile 
leaves  the  muzzle.  See  Pig.  114. 


iUu 


Fig,  114  ••  velocity  of  ths  recoiling  mass  as  a 


function  ef  fcisss  (t)  duri:ig  cha  ® After-effect®  period 

(t*-t*.  ) 


t 


I 

i 

i 


■ 

m 
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»*-  A w 


velocity  cf  the  recoiling  mass  V is  increased  from 

to  VL- 

We  have  already  seen  that  the  velocity  V of  the  re- 
coiling  mass  is  given  by:  V-  , where 

is  the  absolute  velocity  of  the  projectile. 

Far  the  moment  when  the  projectile  leaves  the  muzzle: 


*/  _ t*  i**  •*. 

V|  - ^ ' ' *£.?.  (-|£U  is  very  small  in  comparison 

nilfe  ^ r°r  ti)e  period  of  time  from  ^ to  th  the 
momentum  equation  will  give;  ^ 

J V*-fVy  ~ [x<tt  ■ • - <»s> 

If  we  have  to  consider  the  presence  of  a special 


braking  foroe  1 , then: 


f**  ftm 

I 1 /•  M 0 


Qm  i / CP*  l » _ 

T"^**  7* 6:7/wf7r4C’ . . . os’) 

The  following  assumptions  can  be  introduced  for  \.he 

»\  X * ’* 


simplification  of  the  problem: 

1.  The  cross-section  S of  the  bore  is  the 
'^critical*  cross-section. 

2.  The  velocity  cf  gases  at  the  moment  t^  is  the 
velocity  \ of  the  projectile. 

3.  An  .additional  effect  (negative)  of  the  de- 

■*  it.. 

creased  average  velocity  of  the  gases  Iroa  (Is  ^ 
to  0. 
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Twa-.j/ldt- 


here: 


A 

from.  (92)  we  have:  £>■=  — -JL — _ 

p /ua'ej# 


h.re,  S',  <pt;aij5Z* 

LI f _ 2 c is.  / ^ Of 

y r 


How  assuming/; 


L 


J«*/and  substituting  expression 


y fiAjvij  ' 

t<x  £f  4 . 

Ill  1 BVS!  /5?V=  4^4- V^-  #•  #• 

» %/*  A0(^y  * / * 


y*  wi] 


_t.  w 

r'#T, 


/•*  \«ft  aa.  If  _;A  »■  

*•'(*»/  Vf« 


Mvwvwib Imq  ths  t r / I 

fm ■■  ■ * A ■ »< j frnmmmm • 

and  having  in  view  that:  — \//|* ~e r»\fj^l¥y 


and  = C>.  (velocity  of  sound) 


We  will  have 


•■  /**»  2* 
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■ fi- 


end row  from  (95)  we  have; 

, iwfMtdy-trf** 

v*s  . 

Art  thus  finally!  \£s  (&) %Ct-  g 


ori 


:4  is  tbs  coefficient  of 

;the  after-effect  of  gases  acting  on  the  recoiling  mass. 

Since  C>.  varies  within  a narrow  range  we  may  say 
that . if.  or  the  Cu2sls  Telocity  of  the  projectile  is 
a .dominating  factor  in  the  Talus  of  & . 

At  K » 1.8 1 . here:  Cj  s /0‘9S\jp*£*£? 

'at*  ^ * l;»5i  8 r /. 5 / cu*.d  C n 

' 1 ' *9.  * F 

.These  values  of  f$  are  the  results  cf  the  above  shown 

theoretical  approaoh  but  there  are  also  empirical  values 

off  : 

/ree 


ft  * “a  n- -ii 


H3 


Xxuiple; 76%  f*, ».  ; A^t-t-fo ;&■<>■?» flfcite*', 

' V„a  & '£*  (to  • //? 

,ps/  #*tJ 
A-5  *0'JS ' tx/  : ft* - 


at  higher  velocity: 

1fs/a*oyj«.  ; A)ft  ? So;  A • 0-7*  ; P,  */*0O 

fiHs\.(io.tr)fZZp,.  jL--J.SK,-  9.= /tot;  f>  o.s 

f ,'<%}, +0-tS'-/SS;  fix-  l.3:Krll-3X. 

4.  The  *af ter-effectw  of  the  powder  gases  aotion 

upon  the  projectile. 

ao  far  we  have  not  yet  results  of  exhaustive  exper- 
imental investigations  of  the  variations  c f pressures 
ani 'velocities  within  the  ga8  flow  ejected  from  the  gun. 
Results,  obtained  on  the  basis  of  gas  dynamics  present 

* , v . 

only, approx im&te  evaluation  of  velocity  cf  gases  with- 
out- any  accounting  for  distorting  effects  caused  by  the 
presence  of  solid  particles. 

Thus  so  far  we  must  admit  that  the  problem  is  still 
far  from  a comprehensive  solution  and  that  our  efforts 
should  be  directed  to  the  development  of  new  methods  in 
studying  the  after-effect  period  as  well  as  studying 
and  evaluating  the  error  involved  in  these  experimenta- 
tions, It  is  not  amiss  to  note  that  the  critical 
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examination  of  fcho  experimental  results  or  phot  per  Anhio 
and  c inenatograpW.0  pictures  of  the  bullets  or  projec- 
tile e..no.t  infrequently  reveals  some  contradictions  or 

- 

inconsistencies  of.  t^esq  data. 

Chapter  3 - Burning  of  powder  in  partially  closed 
volume. 

1.  Gas  pressure  during  the  partial  escape  of  the 
gases  through  a nozzle. 

Such  aj process  taws  place  in  the  following  eases* 

1.  .Burping  of  po»a.r  in  a special  nenometrlo  bo*  tab- 
ing  a nozzle  constructed  for  the  experimental  study  of 
conditions,  analogous  to  the  actual  firing  conditions 

i •*  ; -i  • 11 

in  a gun. 

2.  Burning  of  powder  in  a separate  chamber  of  a gaso- 

dynnml n gun, 

3.  Burning  of  powder  in  the  chamber  of  a rocket- 
projectila. 

"In  all"  these  oases  the  inflow  of  gases  is  formed  by 

4.  i 

the  b'lmirg  of  powder  gases  together  with  the  outflow 
of  gases  through  the  nozzle.  Hence  ths  pressure  can 
r:lse  as’well  as  fall.  The  lower  ths  pressure,  the 
easier  it  is  tb  maintain  it  at  the  same  level.  We  will 
begin  with  the  case  of  the  high  pressure  wisn  the  law 


of  the  rate  of  burning  u * u,p  Is  valid. 

Our  problem  is  to  derive  a formula  for  tbs  gss 
pressure  within  thB  constant  volume  at  a given 
moment  of  time  wi th  the  gases  escaping  through  the 
notstle. 

We  denote  the  discharge  of  gas  up  to  the  given 
moment  (in  kg.)  Y and  the  ratio  Q 

We  have  already  had  the  formula  for  th*  discharge; 
y*  at  the  constant  pressure  fa 

Here  * or088*,aec'^ou  of  %ozzl* 

JL  is  the  coefficient  cf  discharge. 

We  assume  that  (*#* A hold&  true  when  p ie 
variable?  then;  y _ A $m  A Sm  J 

r-A  fV)  v>  ♦■.ha  moment  cf  the  * burn  t*  we  have, 

^ •*  A 5#,  ■*  ^ ^ 

Since  £/  depends  pnly  on.  the  web  2e,  and  rate  of 
burning  u,  (at  the  pressure  1)  we  may  say  that  J^doee 
not  depend  on  tte  form  of  powder  grain  and  its  progreae- 
ivenessc  For  the  sea  11  enough  ws  may  take 

s , Then  (13)  will  De  rewiitteu  for  this 

K.  * 

case,  ♦ 
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b-  f+(+~4)  •■(»«) 

'■  *^*&WYFfWr  \ fo-  /-}  0-  th 

For  a.  large  5*,  the  ratio^^  is  the  subject  of  speoial 
discussions. 

At  the  end  of  burning  <k,/  -A 

•H  / fig  m £g 


Os  - f+O-fxJ  . , . (97) 

ft* vir* *(Hm)  ~ 1***0-^ 

If  we  denote*  «A*< 

Then  >6-  ■ • • • . (08) - This  is  Noble's 

formula  in  whioh-  , is  that  density  of  loading  at 


Hence  re  hare  a simple  rule  for  the  calculation  of 


powder  charge  or  the  density  cf  loading  producing  at 
the  end  of  burning  at  a desired  pressure  : 

TJaii^  Noble's  formula  ws  calculate 


and  CO#  - 


Thus  from  the  formula  Ytf'd  we 

calculate  the  weight  of  gas  which  is  lost  during  the 
burning  time  of  powder  produciig  an  impulse  X#  . 


Than  Yk)  will  be  the  full  powder  charge 

whlctrauring  it  a burning  in  the  bone  with  a no??le  S*. 

will  produce  the  desired  pressure  b . The  value  of 
/ * 

£.*  J pdt  we  can  find  by  the  previous  experiment 

^ * T 

in  the  closed  bomb,  because  J,#  tor  powders  of  simple 
forma  doeu  not  depend  on  A or  oh  the  mode  of  variation 
of  p.  Suppose  we  bare  the  pressure  in  a closed  boob  P 
and  In  a bomb  with  the  nozzle^)  s the  times  are  13  and  t 

i then  tit  a U,Palt  and'  efihr  U.jbdtvlll  be  the 

thickness  of  burned  powder.  Since  the  times  Cand  t 

•m 

are.  different  in  inverse  proportion  to  /~^and  p hence: 

Pd**p4t  * jjPdt 

Hew  knowing  J^and  ^ and  having  jfs?  fpdt  from 
tbs  experimental  curve,  w*  «§•£  find  ^ for  every  moment 

9 

and  find  tbe  corresponding  *1/, 

Thus  we  will  have:  y~  ip  Co  ~ Ytc'^‘  ' {/*£ 


now  having  solved  (96)  with  respect  to  0 we  will 


have: 


$(p'0ip)  ^ ~ i*  f + e4  p 


£ + -fa) 


•^»  fti**  *r 
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tbs  first  term  in  the  right  part  is  a regular  oi- 
''‘^reapioh  for -the  part  of  charge  ^ whie  u «vu  it£ 

, burning  In  a oloatd  bomb  with  the  same  A as  in  a 
chamber  with  a nozzle,  will  produce  pressure  p.  The 

' , * ■ j 

second  term  takes  into  account  the  effect  of  the  out- 

flowing  gases. 

‘.T.  7 X / 

^-The  ^atio  y is  a ohara oteri Stic  of  the  relative 
intansi ty  of  the  outflowing  gas  cr  of  the  relative  die- 
charge  of  gaae a during  the  tine  of  burning. 

The  larger  Sm  and  X*  ere  the  smaller  CJ  is,  the 

,-ni  ; ‘ .r 

larger  y is,  but  it  is  always  smaller  than  1. 

2.  Character  cf  the  pressure  curve  in  a chamber 
with  a nozzle  having  a small  opening. 

We  will  consider  the  case  cf  a powder  with  the  con- 

.w  n . / J ! 4X  * d * fi* C / V 

owauw  VHSUAI^}  ^ w ^ ' - f * 


Pressure  at  any  moment  is; 


\ .1  „ 


^ «- 


. Because  of  the  discharge  of  gases  the  free  volume 

%riog  the  .burning  is  larger  than  the  free  volums  in 

the  case  of  a closed  vessel  ana  we  conclude  that  the 

free  volume. { varies  less  than  Wp  and.  we 

wt 

Will  take  it  as  a certain  average  value 
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™ ■ x * . A>. . i,  ii  jL 

"<*•  "“&».=  "i» — »•*•««  iF'Wfstf  y 


th,n  to*  presBure  />=  -^<f-  ; &„  = '*$£» 

Differentiating  ydth  respect  to  t and  remembering 
that:  for  tbe  powder  with  a constant  burning  surface  or 
for  strip  powder:  *t,/;  £*&•£; 

**«*"•'  fr  £Jx- &/'-&»■<* 

Denoting  ^(ecrntynt)  yi  int.gr.tlag: 

we  will  have  .*  % 


or  p 


£«  . . . . 


(see  formula  (41). 


w«  have  the  same  formula  we  hud  before,  when  we  were 
considering  burning  within  a closed  volume,  but  our 
present  constant  Q corresponds  not  to  the  burning  of 
Ui  kg.  but  of  CO(/«  powder  at  a density 

of  loading  £k..s  but  not  wit-u 

The  time  of  complete  burning:  C,.  = 2.303  f?.  log/^f\ 


•nor 

K/ 


The  time  of  complete  burning:  ^ = 2.303  log^j^fj 
We  should  also  remember  that  in  this  case  is 
not  che  same  >6  in  (41)  beoause  now  uhe  igniter  dots 


not  work  in  a closed  volume. 


t 


22 

X . ' * 

rig*.  ■122  presents  the  curve  (pt)  - in  a closed 
volume  (1)  &nu  the  cur's J \pt)  With  the  Cut i Id*  uf  gaooo 
through  the  nozzle  (2). 


Tig,,  7E&  - Ourveii  {pt}:  1 - in  the  closed  volume 

2 - in  the  boab  with  a nozzle. 

- Both  cor  fee  are  theoretical  curves,  calculated  under 
aeauc^tlon  th«'t  the  geometrical  law  of  burning  is 
valid  *bct  Hv  know  tfc**t  the  character  of  the  pressure 
.i-rve-  q^taissed'  under  actual  physieal  condition  will 
differ  - the  real  curve  will  have  a point  of  inflection. 
Therefore  the  F-aal  curve  (2)  should  also  be  distorted. 

A good  .approximation  of  the  solution  of  the  problem 
.finding  the  curve  (pt)  v&en  the  burning  <£  powder  is 
going  on  along  with  an  outflow  of  gases  through  a nozzle 

- % T 

can  be, obtained  in  the  following  way. 

The  inflow  per  second  of  gases  forced  during  the 
burains  is  jlven  by ; (& 
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-/  v 


The  discharge  per  second; 

if  the  inflow  of  gases  ia  larger  oian  the  outflow, 
then  the  pressure  within  the  chamber  having  the  nozzle 
will  be  increased.  If  the  inflow  is  smaller  than  the 
outflow,  the  pressure  in  the  chamber  having  the  nozzle 
will  be  decreased,  and  the  pressure  will  be  at  its  maxi- 
mum or  constant  when  the  inflow  is  equal  to  outflow. 
Therefore  the  character  of  the  variations  in  the  pres-  i 
sure  depends  on  the  mutual  relationship  between  ($)  and 
or  (wrj  and  (As„).  Hence  there  is  a 
single  graphical  solution  of  the  problem.  We  calculate 
(cor)  us  a funotion  of  (curves  1-1,  2-2,  3-3  on 

Fig.  123)  and  compare  these  curves  with  a straight  line 
parallel  to  -axis  drawn  at  the  distance  /I3L(  line 
a-ra’  on  Fig,  123). 

The  line  a-a’  is  everywhere  under  the  curve  (1-1) 
then  the  inflow  of  gases  is  greater  than  the  discharge, 
then  the  ordinates  of  pressure  curves  ( &&)  and  <A*> 
are  increased  until  the  end  of  burning  and  th*  maximum 
pressure  ^ill  be  at  the  end  of  burning  with  the  & 
at  its  maximum  (curve  1 on  Fig*  124). 
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If  line  a a*  begins  under  the  curve 

{curve  2-2  on  Fig.  123)  then  it  intersects  with  the 
{ } curve  at-  the  point  aM  goes  on 

above  this  curve^^B'^a’10  *-hat  at  the  beginning  the 
pressure  vill  be  increased  to  its  maximum  at  (see 

our/e  2 on  Fig.  184)  and  afterwards  the  discharge  will 
prevail  ( ASM  > CoP  )•  Now  If  coP  is  every- 
where lower  than  A Sm  (curve  3-3  on  Fig.  123)  it 
a/jane  that  for  all  the  burning  time  the  inflow  never 
will  compensate  the  discharge  of  gases  and  the  pressure 
will  be  on  decline  the  entire  time,  and  even  the  extin- 
guishing of  the  burning  say  be  possible  (curve  3 on 
Fig.  124).  All  three  curves  of  the  Fig.  123  represent 
powders  differing  only  in  the  sizes  cf  their  webs  (the 
smallest  web  - ourve  1-1);  the  middle  web  - curve  2-2 
and  the  largest  web  - curve  3-3).  Thus  by  varying  only 
the  web  of  the  strip  powder  we  can  obtain  three  differ- 
ent ( M ) curves.  And  inversely  too  - using  the  same 
powder  by  the  varying  tbs  size  of  the  nozzle  ( S^)  or 
the  weight  of  the  charge  CO  we  can  get  the  desired  loca- 
tion of  the  line  aa'.  Therefore  a man ome trie  bona?  witu 
a nozzle  can  be  used  for  the  experimental  studies  of 
the  burning  process  under  conditions  approaching  the 
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real  firing  process  in  gun  i.e.  not  only  the  increas- 
ing pressures  but  the  decreasing  as  well. 


fig-  125  - Oharaeteri sties  ctf  the  inflow  and  outflow  of 
gases  - and  (A$m^)o\xr^t  (theoretical) 


124  - Pressure  owrves  ( ) in  a boob  with 

the  nozzle. 
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All  the  above  presented  considerations  are  based  on 


the  analysis  of  results  derived  from  the  geome trical 

^ ^ • * 

law  of  burning  but  the  experimental  curves 

differ  considerably  from  the  theoretical:  in  oase  of 
the  degressive  powders  this  difference  is  displayed  at 
the  beginning  and  at  the  end  of  curves  and  in  case  of 
the  progressive  powders  the  curves  differ  along  the 
stoole  range  of  ft  from  0 to  1.  Fig*  328  and  Fig.  126 
pj/eaent  the  experimental  ourves  calculated  on 

the  basis  of  the  physical  law  of  burning  tar  strip  pow- 
der and  multlparforated  powder  respectively. 


Fig.  125  - Relationship  between  the  inflow  and  outflow 
of  gases  for  the  strip  powder  - (&/1,  f)  and  //incurves. 
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fig.  123  - Relationship  between  the  inflow  and  outflow 
of  gases  tor  the  multiperforated  powder  - (b>Pty/j  and 
(ASJ  curves. 

The  ordinates  of  the  experimental  curves  (77 'A) 
always  fail  before  the  end  of  burning.  Therefore  they 
always  intersect  their  11  - a aa*  (ASm)  and  the  maxi- 
mum pressure  is  always  obtained  before  the  end  of  burn- 
ing. But  sometimes  the  whole  curve  (/>;  can  be  loc- 
ated below  the  experimental  line  aa*  as  it  is 

in  oase  of  the  small  Igniter  with  the  pressure  fyr»$0 
- then  the  powder  will  not  burn  at  all. 

Such  examples  were  demonstrated  in  experimental  cases 
with  the  pyroxylin  loiter,  developing 
Very  often  its  gases  were  discharged  through  the  nozzle 
and  powder  was  not  ignited.  The  calculations  for  one 
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of  these  cases  shew  that  ~r> ' 0- ~~z ?Q.o9f 
and  for  this  ponder  P * 20.(0,0075)  = 0.150 
Ir  xclo  x^ni  viuu  naS  1 ss t»n tciu vOUs ; th«  povfdw  could  not 

jy  w 

have  been  extinguished  because:  /'  ^ "jjr  but  since 

the  ignition  was  not  instantaneous,  and  its  aotual 
Initial  P was  only  0.040  - 0.050  i.e.  considerably 
lower’  than  0.096,  so  the  discharge  through  the  nozzle 
was  larger  than  the  inflow  of  gases  and  the  powder  could 
not  burn. 

3.  Formula  for  the  maximum  pressure  ( fcy 
Having  differentiated  (96)  with  respect  to  t and 
remembering  that: 

is  = ffi  W;  A • s’  P 


we  will  have 


or: 


#• 


in  the  following  form: 


A (£-A  0 

rm[ ) +(«-?)  p]*A  %(/+  * &) 


caj  Pi,  " A Sft% 

i Ai 


(U) 


hence: 


n»  will  bei 
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for  oi  m l and  various  jj> 

• 1.014}  1.066;  1.186 

Jaj  imAlr.f.  (fl.fSfs)  /!'  = 1.0; 

for  the  bomb  with  a nozzle  /?/  ■ 1.10 
Thus  th*  neoessaxy  requirement  for  the  praotioal  realiz- 
ation of  as  it  is  given  by  (/tfj  ia  the  seme  aa  we 
had  in  the  previous  disoussion,  i.e.t  4A*  > *4  Sm  . 

Having  ealeulated  the  ourves  ( fol ) and  ( P,  2 ) and 

A 5a  . / 

various  values  of  “jjp  " for  several  CJ  we  will  have 
the  scheme  shown  on  fig.  127. 


?igo  127  - Calculating  procedure  for  determining  the 
maximum  pressure  fa  3n  the  manoaetric  do  si  wish  a 


nozzle 
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for  any.  (Oi  we  find  tbs  intersection  (point  4tt  ) 

of  the  cuyve  (P.  I)  with  the  horizontal  straight  line 

ASm 

at  the  distance  -gj*  from  the  i-axis.  The  point  On 
gives,  at  once  both  values  of  and  t thus  we 

„**»  ...  far  lowing  j£,.“a  M 

ooloalat.' , since  jt'dl  is  equal  to  the 

area  tatween  the  curve jCJ  and  lr>axis  and  the  reo- 
te.ng^lar  area  /•  ^represents  the  value  of  the 


discharge,  we  have  the  difference  In  form  of 

the  shaded  area  on  the -fig.  137.  The  larger  6t£,  the 

lower  the  straight  line  Orr*  is*  the  larger  is  h 

A L\  • //W 

and- the  larger-  (y~yj  is,  i.e.  a larger  portion  of  OJ 

will  be  burned  when  h is  reached. 

It  is  of  interest  to  note,  that  in  a bomb  with  the 
nozzle  the  maximum  pressure  is  not  affected  by  IV*  and 
A but  by  the  relationship  between  o,r  and  As„  and 
in  case  cf  a gun  its  maximum  pressure  is  also  determined 
by  the  relationship  between  wr  and  the  rate  of  in- 
crease of  the  volume  Sv-  of  the  gun  canal. 

These  results  are  verified  in  practice  in  all  cases 
when  the  burning  rate  is  i&i.e.  for  the  high 

Me 

pressures  (higher  than  1000  2-^  ) or  for  the  powders 
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with  small  grains  when  the  burning  is  very  fast.  At  the 
low  pressures  (250  or  leas)  and  for  powders  with  a large 

web  the  law  U-U,J>  cannot  be  applied.  Since  we  have 

not  yet  definite  reliable  information  as  to  the  effect 
of  the  heated  mass  of  powder  on  its  Ut  it  is  advisable 

to  make  use  of  the  law:  Us  U,  P where  H,  >U/ 

Then  the  rate  of  the  inflow  of  gases:  . 

and  the  Intensity  of  the  discharge: 

hepresentlng  graphically  as  functions  of  Jt>  these 
characteria  tic  a of  the  Inflow  and  outflow  of  gases 
(fig.  128)  we  will  have  them  as  a parabolic  curve  for 
(OJ  9 2? ) 4113  tt  straight  lisa  far  5 a** 


point  cf  intersection  of  these  lines  - point  a - there 
a constant  pressure  is  reached,  and  if  after  this  point 

/ dV 

the  pressure  begins  to  grow  up  then  is  inoraasad 

i.e,  ths  discharge  will  prevail  and  the  pressure  must 
decrease.  If  after  point  a the  pressure  is  decreased 
(to  the  left  of  the  point  a)  then  the  inflow  will  pre- 
vail and  the  pressure  must  be  increased.  Thus  in  this 

ossa  when  the  pressures  are  low  and  the  rate  of  burning 

i y 

is  u~u(  & we  have  the  process  of  keeping  ths 
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pressure  at  the  same  level  at  a self -regulating  stable 
process. 


5*:g.  128  - Diagram  of  the  rates  of  the  inflow  (^jpj  and 
outflow  (^j  as  functions  of  (far  the  low  pressures 
and  powders  with  large  webs), 

Tfcs  same  trend  of  ths  leveling  off  the  pressure  oan 
he  found  in  oases  of  low  pressures  and  small  A when 
the  integral  curves  (HI)  vary  with  the  ehange  in  A 
in  such  a way  that  at  the  beglnni^  the  ourves  (flZ) 
with  smaller  are  higher  than  the  curves  with  larger 
A and  at  ths  approaohing  the  end  the  location  of 
curves  is  reversed  i.e.  the  ourves  with  the  snails?  A 
are  lower  than  the  ourves  r*  th  the  larger  A * This 
is  shewn  on  Fig.  129. 
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Fig.  129  - Curves  (/*,  X)  asA  Qf',1)'* i ttai  various  A . 

A%<  At<A%  ana  < <fr%  < . 

As  soon  as  the  equality  of  Z7  and 
is  established  for  instance  at  the  point  d^then  the 
curve  /j  begins  to  run  lower  than  the  distance 
and  1 1 10  pressure  must  be  decreased  but  at  the  lower 
pressure  we  must  follow  the  curve  /a  at  the  point  Q*x 
With  the  increased  ^ and  the  same  transition  will  be 
neoessary  at  the  .point  &#with  its  still  larger  ft  . 
Thus  the  pressure  wij.1  be  maintained  at  its  initial 
level  corresponding  to  the  point  (X(»  Nothing  similar 
is  found  at  the  higher  pressures  where  there  is  only  one 
ourve  (HI)  as  it  was  shown  on  Fig , 127  and  the  curve 
will  stay  lower  than  the  horizontal  line ‘) 

i.e.  the  discharge  will  prevail  and  the 
pressure  will  steadily  become  decreased. 
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Chapter  4 - Outline  of  the  theory  of  muzzlebrakes. 

1.  General  Information. 

The  efficiency  of  a muzzlebraks  is  the  relative  de 
crease  of  the  kinetic  energy  of  the  recoiling  mass: 

n - - c. 

The  relative  decrease  in  velocity:  iT  s 
and  tf‘-  r(i-r) 
where  dp*  - weight  of  the.reooiling  mass 

Qt  - total  weight  of  d*,  and  of  the  brake . 

■ maximum  velocity  of  the  recoil  without 
the  aotion  of  brake. 

- maximum  velooity  cf  the  reooil  affected 
by  the  action  of  brake. 

There  are  two  types  of  the  muzzlebrakes  - active  brake 
working  by  the  direct  impact  cf  the  ejected  gases 
against  a special  surface  of  the  recoiling  mass  and  re- 
active brake  in  Which  the  gases  are  ejected  from  zm 
muzzl8  along  the  curved  channels  of  the  brake  in  the 
opposite  direction  to  the  projectile’s  motion. 
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Fig.  131  - The  reactive  brake. 

2 . A mechanical  reaotion  &’  gases  on  the  surface 
of  the  curved  channels  of  the  muzzlebrake,  (Froa  the 
course  of  Interior  Ballistics  by  Prof*  D.  Venzel,  1939). 


Fig.  132  - Forces  acting  in  the  channel  of  the  muzzle- 

brake . 
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Foroes  acting  in  the  channel  of  the  muzzlebrake. 

Ft  - a normal  cross-section  of  the  inlet  opening; 
(gas  velocity  U,  ) 

C*,<|  - the  angle  of  the  inlet. 

f?  - a normal  cross-section  of  ♦•he  outlet  opening; 
(gas  velocity  0%) 

- the  angle  cf  the  outlet. 

* 

From,  the  momentum  equation  written  for  the  mass 
of  gases  within  the  curved  channels  of  the  brake  and 
acting,. forces-  (preasureis  and  /£.  and  reaotion  7^  ) 
along  theX~&xi*  (direction  of  th*X~*xis  with  + against 
the  recoil  motion)  we  will  have  the  following  expression 
for  ( J 

where  \co$ct*\  is  the  absolute  value  of  Coast* 

. ,Hers  ard  ^ refer  to  the  aum  of  all  cross- 

sections  of  ohamel  in  the  brake. 


3.  The  total  reaction  on  the  gun  produced  by  gas 
flow  through  the  muzzlebrake. 

The  total  reaction  has  the  following  components} 

1,  Beactioh  along  ths  X -axis  of  gases  flowing  out  of 
the  gon  through  the  muzzle  proper  taken  from  (87)  and 
f89); 
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2.  Reaction  along  the 
the  opening  F*  i 


Jf  -axis  of  gases  flowing  in 

— ^ /Hfe)£osci* 


3.  Reaction  (99) i 


then  a sum; 


R/tx - jf  (LL\eM*\\*U<Z»*)*£/llt**J*$foa. 

RXx*-}Sp+(yV,+£A)lc~«4  < O 

(acting  along  the  projectile  motion., 

Prof.  D,  Ventzel  gives  the  final  expression  for 


here  ^ the  coefficient  expressed  in  terms  of 


and  given  in  a special  table. 
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Table  for  

— » IS*  20«  25*  30*  40*  50*  60»  70* 

JP*  « 0.725  C.770  0.815  0.845  0.890  0.920  0.940  0.950 
■ the  coefficient  affected  by  tbe  ourvature  of 
channels  (at  Q^<  30*  % » 0.75  - 1.0) 

the  rat  Ids  and  are  mu  taally  interdependent 
and  are  given  in  Table  33. 


Table  33 

^ * 0.5  0,4  0.3  0.2  0.1  0.05  0.01 

^ « 1.01  1.06  1.19  1.46  2.25  3.61  11.80 


4.  The  total  impulse  of  the  reaction  of  gases. 

The  momentum  equation  for  the  "after-effeot*  period 


ana  is 


* 

vaa 


preaeuu  • 

Qm  /%/  1/  L.' 


V Wm 

ua  ajw 


-iL.  to 


'y*  r9 f 


X"  -*X 


/ 


a 


hMoe!  !£=  K*i/r  % iK heu  %r 

The  pressure  is  expressed  in  the  same  form  as  it  was 
given  for  the  after-effect  period  without  the  brahe 
only  the  coefficient  "5  should  be  changed  for 

fS'7 
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a xA  the  duration  of  the  after-effect  period  will  be: 
And  the  iapulse  1?  fa#  with  I?*-  OCj. 


VI 

3.3  — y -ynfl  inserting  the  value 
of  «Z^  in  the  above  formula  for  l£  we  will  have: 

V.~  £.(<+  i *1  i (&)  %)%. 

~ -*••*  Al=  «si(iW*.  & 

at  /^  * 1»2»  it  . — . 

/•*«  ***"«  % / » 

The  efficiency  of  the  muzzlebrake  * \/tT 


«■  t-Himr 


wmm/r 


Practical  values  of  ^ are  40*  50#*  in  exceptional  oases 
7 0?6  ani  even  80$. 
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Introduc  tloju 


.A  general  problem  of  Interior  Ballistioe  consists 
in  finding  all  regularities  and  relationships  existing 
between  the  loading  conditions  and  ballistic  elements  of 
the  firing  which  give  us  means  for  complete  control  over 
the  firing  process. 

loading  conditions  are:  dimensions  of  the  chamber 
and  gun  canal,  construction  cf  the  rifling,  weights  of 
gun,  projectile  and  powder  oharge,  engraving  pressure, 
type  and  physico-chemical  and  ballistic  characteristics 
of  powder  and  powder  gases. 

Ballistic  elements  of  firing  are:  pressure  (£), 
velocity  (V),  travel  of  the  projectile  [£),  tempera- 
tures of  powder  and  powder  gases,  amount  of  act  .m  gases 
(f(D  ) at  a given  moment  of  time.  Tbs  first  :val 

problem  of  Interior  Ballistics  consists  of  fi_  rg  by 
calculations  how  the  pressure  and  velocity  of  projectile 
vary  as  functions  of  time  ( t)  and  travel  ( £,  ) under 
given  loading  conditions.  Thus  obtained  curves 
[/>,£)»  ( P}t)  and  ( $£)  give  the  two  most  important 
ballistic  characteristics  of  the  gun:  the  maximum 
pressure  yd  and  ths  maximum-muzzle  velocity  ( i^)„  This 
problem  always  has  one  definite  solution  { fO  and 

* Vww 
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By  varyi:£g  tad  given  leading  conditions  we  may  find 
solutions  of  many  partial  problems.  Tbs  second  principal 
problem  of  Interior  Ballistics  is  the  problem  of  the 
ballistic  deaiga  of  the  gun  viiich  consists  of  determining 
the  constructional  data  for  the  gin  tube  as. well  as  load- 
ing conditions  for  a given  projectile  (its  caliber  and 
weight)  in  such  a way  that  a given  projectile  will  have 
the  required  muzzle  velocity  ( V)  ) at  the  maximum 
pressure  not  exceeding  e definite  limit.  The  desired 
vuszle  velocity  as  a rule  is  predetermined  by  certain 
taotico-teohnical  requirements.  Having  found  ell  the 
sought  for  elements  wo  proceed  with  the  calculations  of 
the;  ourvea  ( p,t ) , (V,£),  ( tf^).  It  is  obvious 

that  tha  da*ir«<|  2k  *nA  h aan  b«*  obtained  for  a a Ivan 
projectile  in  many  different  ways  and  thus  we  may  havs 
many  variants  of  the  desired  artillery  system;  our  prob- 
lem, after  all  ia  the  problem  of  making  a rational#  most 
appropriate  selection  of  only  one  variant  among  many. 
Henoe  we  have  speoial  very  important  practical  cases  of 
finding?  a most  effective  system#  as  a system  with  the 
shortest.. gun#  cr  With  a gin  having  a minimum  weight  or 
volume#-  etc* 
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All  the  methods  applicable  to  the  solutions  of  prob- 
lems In  Interior  Ballistloe  oan  be  classified  in  four 
groups;  1)  Jtapirioal;  2)  Analytical;  3)  Numerical  and 
.4),  tabular. 

.Section  VI  - Analytical  methods  of  Solution  of  the 
Direct  Problem  of  Interior  Ballistics. 
Basic  Assumptions, 

1.  Tfj  burning  of  powder  follows  the  oourse  prescribed 
by  the  geometrio  law, 

2.  The  process  at  powder  burning  proceeds  at  a certain 
average  pressure. 

3.  The  chemical  composition  of  the  products  of  burning 
remains  tha  same  during  the  process  of  burning  as  well 
as  afterwards  during  the  period  of  adiabatic  expression 
of  the  gases, 

4;  The  rate  of  burning  is  assumed  to  be?  Uvt  U, p . 

5,  All  the  accountable  secondary  works  are  taken  pro- 

portional to  the  kinetic  energy  of  the  projectile  and 
all  are  included  into  coefficient  . 

6.  The.  projectile  begins  its  motion  at  the  initial 

•shot-start®  pressure  Jh  (engraving  pressure),  Tha 

*0 

two  preliminary  .periods  of  tbs  gradual  increase  of 
pressure  (static  period)  and  of  the  gradually  increased 


resistance  ,,to  the  motion  of  the  projectile  are  negleoted. 

i ; . \ j . ■ ' t ■"  '•  v 

7«  Neither  eerie  'spent  on  engraving  nor  the  inoreaee  of 
thi  :Telodi%yi,?of  the  projeotile  during  the  engraving  are 

aooounted  for. 

i • * « ••  > 

8.  The  expane  ion  of  the  walls  of  the  bore#  leakage  cf 
gas**  through  the  oleafanoe  between  the  drlviig  band  and 
the  surface  of  rifling  and  air  resistance  to  the  moving 
pro jeotile  within  the  bore  are  all  negleoted. 

9.  The  ooolirg  effect  cf  the  rails  of  the  bore  oan  be 
aooounted  for  indireotly  by  taking  a deoreaeed  value  of 
■f-ffT,  or  an  increased  value  cf  *'XZF) k 

10.  The  value  of  0 is  considered  aa  a constant  average 
value  of  ( during  the  whole  process  of  f irirg . 

11 » : The  motion  cf  the  projectile  is  considered  until 
the  moWent  when  the  base  of  the  projectile  leaves  the 


muzzle;- 


ution  of  the  basio  problem,  usim  the 


seometrlo-  law  of  burning  and  considering  the  engraving 


The  following  system  of  basic  equations  is  taken; 


£)  a fwjj~  f if  Mi, 


. . . . (2) 


%Z(!+  * V-”  (3) 

fis  * sf  |4) 

or;  %£'  * • (5> 


To  begin  with  the  problem  will  be  solved  for  the  de- 
gressive powders  (J6^/ t A>0  t £*nO  ) and  separ- 
ately Tor  the  preliminaxy  period,  for  the  first  period 
(up  to  the  end  of  b amine,  at  the  moment  tH  ) and  for 
the  aeoond  period  (at  the  moment  ^ , whim  the  projec- 
tile leaves  the  muzzle). 

1.  The  preliminary  period. 

Durirs  this  period  we  are  interested  in  the  following 


5l€Iu5uuS»  pr65Bu  16  ^ J uuB  buj/Iiuu  xxaCtiGu 

of  the  charge  ^ » the  relative  thickness  cf  the  burned 
powder  end  the  relative  burned  surface  of 

powder  (J--I  Sf  . All  these  values,  being  tbs  final 
values  of  the  preliminary  period,  are  the  initial  values 


for  the  first  period. 

The  igniter  will  provide  its  pressure; 


here  the  subscript  3 refers  to  the  igniter.;  the  produot 
oan  be  neglected.  At  this  pressure  £ the  powder 
charge  CO  begins  to  bum  and  at  the  moment  when  the  en- 
graving pressure  tO  will  be  reached: 

( «o 

A;  0/ 

ft-  ■■■  m 

*»  ^ 

The  engraving  pressure  jo  is  known  (normally  far  ths 
gahs  between  250  gjj*  and  400  ) • 

Yrom  (7)  we  calculate  : 


{fj-fj}  (i~  £)  _ i-jE 

f +(#-&)(*- j) 


or  approximately: 


r af  - 7 

~f*W 


• (9) 


^ is. normally  between  0.02  and  0.10  and  largely  de- 
pends on  A • Then: 

m tvmt  %--/+x*za 
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we  obtain:* -.§SLZ£.~  ScS,  — * 

. • *+  **(%$  ~ ($+/J30 

Since:  ^«v»/  , then:  Zs  « . 

• • % 

for  tbs  further  disoussion  we  used  the  effective  length 
{ "Cf  ) of  tbe  free  volume  of  the  chamber  at  the  be- 
ginning of  the  motion  of  the  projectile,  when  % i* 
burned.  (See  No.  55  in  the  lint  of  terms  and  notations): 

4/ 


. / _Vt,  <o 

Here!  £ A - -j-  • 

• xafe  ixx  ov.  jporxoa. 


* 


Prof.  N.  Droadov*s  variable:  at  the  begin- 

ning of  |$bjeetile's  motion:  x*  O i 2*X0i  at  thi>  end 
of  burning:  2^*7  / /-  * All  variables: 

£ and  should  be  expressed  as  functions  of  Jfc . 

1.  <(,*.  f,(x.) : ps%x*%*z,*%xi*x*xsx(»zty}£x‘ 

her«i  % 3 #>X*  +*>Mi  and!  /f2A2*-"  fij 
Drosdov’s  notation:  xr  %(?^ 

Finally  .a  have:  K,  X*%>X' (10) 
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»•  v*  Hex) 

From:  Sfi  a 


_ and  '‘U*2$sU,fo 

and  remembering  that:  £s  y*  X^a  jy, 

wl»wi  Jits  $' j& /<£* 


,»  i*r  r* 

Havirg  integrated?  Mv:  HA*  J a/x 

i <ffh  **» 


we  obtain? 

7or  the  end  of  burning: 

«. 

(. , • • • ' . 

> V • 

(11)  can  be  rewrit tf$? 

.lA 


V“s  £A«/y„y\-  $£«.  x 


..(11) 


inn4  (jf0-x>)  (“> 


1?. 


or  ; 


^ $gxl  =JF&  -£*9&tlx’' 

Here  tbe  ratio  & -the  projectile  weight  per  unit  of 
thje.  ero39.-a«<?tional  area  ( S ) is  called  *a  eroas- 
eectional  loading  of  the  projectile*.  Formula  (12) 
hcerevrr  is  not  sufficient  for  answering  some  other  im- 
portant questions  in  v&ich  the  variable  £ is  involved 


J 


fig.  133  Zfia  determined  but  is  unknown  yet. 

3.  t~  £(*)■ 


Tbe  following  two  basic  equations; 

& 

,/>S  f ¥*<  it*  faft-  ) 

here  : l£  * 

*** 

* \ A « 

asd;  / $dt-  (*i»  **</* 
will  give; ' 

dt . v*  y-di*- 

$7-  fS  ' 

Tbe  right  part  of  this  equation  with  1/  and  ^ given 
in  (11)  and  (10)  will  be; 


S*Z? 

xdx 


0m  pr.-'”*  .s*jc?  safe 
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here! 


S in  . s 

psrwT-® 

It  Prof.  Drosdov'a  "parameter  of  loading  conditions* 
ori  ®s 

Denot ing  tf-  S6A  • ®' 


we  will  lave  (13* ) J 


w/- 


Sxdx 


K + KX-T^X* 


(13) 


c/4  _ £ 

^ • 1^) 
Here.*  X-  ^ 


e • • • « 


(13») 


(13»)  oan  be  rewritten; 

tie . » x 


or: 


- — P~  A X. 

Se  rsreas^-"* Wc* 


here  and  0*  are  functions  of  OC  * 

This  linear  equation  of  the  first  order  has  been  inte- 
grated without  any  additional  assumption  or  simplifica- 
tions by  Prof,  Drosdov  in  1903  (this  rigorous  c caplets 
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integration  will  be  shown  in  Chapter  2).  Here  we  will 


proceed  with  the  simplifying  assumption,  that  the  var- 
iable is  taken  at  its  constant  average  value  • 

4.--  4^-  f-  &.*  V 


Then  having  integrated  (13*)  we  have: 

4 (<+ £)= - 1 4^-  • 


hence: 

Since  from  (11)  we  see  that 


4».  (Kc“t)  • • • 04) 

2/*  i®  proportional  to 


we  may  say  that  (14)  shows  £ as  a function  of  2/*  , 

4. 


Basic  equation  of  pyrodynamics  gives  us; 


*lV 


(15) 


here  can  be  taken  in  the  form  of  a function  of  DC  • 
Since  we  already  have  2**  and  ^ as  functions  at  JC  > 
it  is  not  iBcessary  to  make  use  of  (15)  in  its  final 
farm. 
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Determining  the  form  of  the  functionals  £ 

fidx  _ f xefcc  __  4±i  f «tx  &/  (j^L  put 

Jjft  ~ W**  »/**■•* ( 

From  equations  jc-  «*  - 0 

« ta«*  ar.  $ (/*V^p)*£0*Q 

“4i  |,(>0  --  lx-X'X*-*>J;  X.*  £,0*4);x>'&(i-  0 
pj>r  *3t+**» 

*•»••»  Ax-  3^_;  XeX,t- ~S 


> - 

thus  we  have:  *r*  Tif 

Then  we  hare  (16) ? 


. - **' 
an«  ni-  Jf* 


M-- 


hones 


1 2'*=  (l  ~ (>+ §»•  %*)  ’.. .. 


Th\x0ii%'x  is  a fane  tion  of  a variable  ps 


and  a constant 


/■** 

•»  *.v.»  m«v 


Since  in:, (14)  we  need  jTr  the  Table  is  calculated 


for  log /with  the  two  entries:  y9  and 
This  Table  is  shown  on  page  £90  (in  book)  with  its 
title:  "Table  of  Log.  of  Tunc  tion 
(18)  can  be  rewritten!  , ft'.,.  * 


• l*£  - 44e-&,z 
\ , ys m-JPFr  %■ 


3.  The  evaluations  of  the  maximum  pressure  A • 

<*X  \ . . v 

! •>  ‘ ■■  V-‘  V 1 ’ '•  ' A' 

Vdry  often  we  need  >0  without  previous  calculations 
of  the  entire  ourves  ( fif)  or  ) , . Using  the 

equation  (59)  to* fig*)  we  will  have  the  relationship 

?i  if 

between  yPr  and  ' 3^  from: 

V*  &)-('+  o 

with  6-xi+iJtX*  V,*Ux  and  y-r  ^X 

as  follow.:  ^ 1 ) Bsl.^sU  n 


T'zr'SExm 


whence: 


Table  of  Lugs  of  Huaerlcal  Values  of  the  Function  LarZ (%  . r) 
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yor  powders  with  a constant  surface  of  b urn  lug ; flaO;A|s!bp/ 


we  «d.ll  tore: 

/-+(*’ 

BO+ej 


. 0 / 

Now  we  assume  a certain  value  ^0  * calculate  from 

(19)  or  (18)  and  for  this  we  oalailate: 

fc'-- 

•w  **" 

° u€lkf 


If  ^»>*  differs  not  more  than  10-20  from  £ 

then  is  a desired  • If  ^6  is  consider- 

ably different  from  the  assumed  then  we  take  £ for 
the  oaloulations  of  3C*  as  the  next  approximation  for 
calculation  cf  )£.  ; €*  and . Since  all  our 

calculations  are  of  yO  give  results  more  or  less  close 
to  the  value  of  — all  these  approximations  are 
varied  within  a close  range  and  they  all  must  be  3cwer 
than  Jb  • Normally  a good  result  is  obte'aed  after 

•iH 

two  successive  approximations. 
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• ! 1 

« 4 |tf  4 

i I 

I ! 

t i-_  i i 


r*  X 

r*  * 


Fig.  134  Curve  { fix)  far  finding  JC^  and  . 

It  must  be  remembered  that  (18)  or  (19)  are  used  for 
the  osculation  of  the  approximate  values  of  but  not 
for  the  evaluation  of  fi>  . Thus  the  calculated  value 
of  J5CMmay  have  no  physical  waning  if  3 
If  XH  have  a normal  case  when  tbs  maximum 

pressure  is  obtained  somewhere  before  the  end  of  bum- 


V 

If  the  maximum  pressure  corresponds  to  the 

end  of  burning. 

If  X#  we  have  a so-called  case  cf  the  *unreal 

maximum* j in  this  case  the  powder  is  burnt  on  the 
ascending  part  of  the  curve  ( M ) and  the  actual 
pressure  begins  to  decrease  before  the  analytical  maxi- 
mum is  rsaohed. 

Fig.  135  (JX^X*)  , Fig.  I36(*ter  XH)  and  Fig.  137 
^w>X^?reS9nt  all  these  three  eases. 
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yig.  135-  ( X*<Xk) 


rig.  136  ( Xm-  XH  ) 


rig.  137  ( 3cm  > 3Ck  } 

Thus  for  the  end  of  the  first  period  we  have: 


h-l  i ^ ~ 

qu-Ukx  ■ n - ^ 

■*«  < /£-  sce.*fx) 


!-»s> 


4.  The  second  period  ( fe  J *2$.  ) 

This  period  begins  with: 

The  basic  equation  for  this  period: 


1 V* 


here: 


2A4  - ifma 

\p$fn 


Strictly  speaking  0 for  this  period  should  be  taken 
larger  than  it  was  used  in  the  first  period  but  as  a 
rule  the  majority  of  authors  take  ^ as  a certain 
average  for  these  both  periods. 

A.  The  pressure  as  a function  of  £ % 

From  the  adiabatic  equation: 

f+6 

P"  ■ ■ 

where  w 

and  w*  are  the  free  volumes  behind  tbs 
projectile  and  rememberir^  that: 

Vy«W S (ft + ?) 

Wk- VVS  " <*<*>+ 


(21) 


we  will  have: 


/> ■ * (r-v" 


b - 


2PT/ 


and: 
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E.  The  velocity  of  the  projectile  as  a function  of 
The  basic  equation  of  pyrodynamics  for  any 
moment  and  for  the  beginning  of  the  second  period  will 
be:  p (/  - 

and  ' /$  S 4>  -■  fw(l~  jfc) 


and  (S3)  will  be: 
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fig.  138  presents  normal  curves  { ) an^  ( Vf  €) 

calculated  for  first  and  second  periods. 

0.  Formulae  for  temperature  of  powder  gases. 

From  tbs  equation  of  the  energy  "balance  (52)  we  haves 

or:  **£(/-$)-  VJT* 

hence;  * _ t 

, V*#  V-LJ..3Z 

? m / r afc  **  * '(s 

Since;  : fa  ft+rtX+fOkX.2, 

A 

and  remembering  that;  • O - Xatifik 

\ 

we  rewrite  (26);  - ^ 

X-L  4f.  2?-/-  £&* 

* 
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At  the  end  cdf  burning  { ^ - / )i 

/-¥$•*£*  t-?fS 

At  the  muzzle  If  *1  ; €7.;  7 Z;  2J  )s 

i$,/~  /•*£  ' ' 
Using  (24)  we  nay  have  another  fora  for.  (28); 


. . . t*7) 
. , (2M 


B-  formulae  for  calculation  of  time  ( £ ) . 

fM%l\ ts  {I* If ; *Lr  *tt*  % 


6'  $ 


I flM  \ 


A better  epproximat ' on  for  can 'be  found  by  con- 
sidering a linear  law  of  variations  not.  for  the  velocity 


but  for  the  ..pressure  />  (from  /j>  to  fi'  ) 


m **»„ 
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Hero; 


af s <&?>*  v*  $»•£>  • 

•**'.•  IV  r gCApjt ';  a £■ 

% ■ 7'/""  = ?• 

- &•  *4^' =&'':?'  '• 

^'=f'=  Jf'.^' (3/J 

A still  better  approximation  for  c-  will  be  ob- 
tained ,Jf  we  use  not.  a linear  law  for  y6  but  a parabol- 
lo  law  of  2nd  degree.  Then  we  will  have: 

*'«  ±S,.3A*f‘' 

,.  “ *•  $pF 

Prof.  1.  Bravin  gave  the  followii^  formulas  for  the 
calculations  of  time  within  the  periods: 

From  O to  tn  s = jc*’  4fJ% 


From  4i«  ^ k * t~  £ ~ 3 Ph)  • 

. K * %«*£)*«  Ae*) 

4 ! /_ A _ 3 C€>r(n)(f‘t.+fr<)  ■ 
* " 


from 


4 *° 


Duration  of  the  preliminary  period 


Xqu&tion  (i3)<oanbe  rewritten;  ( is  a.  variable) 


- / 8x  • 

Denoting;  > 4 . 


<2x  " 0-  aLfjcx 


'(34) 


we  have  (33); 


After  integration  we  have; 

$4ifir  / ± ImSx 

4*  Jr**0 


fe  bed  already: 


* , **♦  v * * 'V 


/**  = I <87) 


the  integral  *•  H 


*bfXi.y  USy  fe 

• o • * 


Having  in  view  (37)  we  will  obtain;  «r* 


y= 


Bat  w know  that; 


h ; a.-  f(et-  j,) 

and  d'4p * - Aft, dx.-2a%xx  Joe 


Than: 


A t<»jz^x~2*%xj)$xah f...  (3 

from  (34)  and  (37)  s / *«*x  * ^ w 

*~1rt 

t*™"  *4*  *6*  $*.%)£ 

Sllminating  the  eeobnd  integral  in  the  right  part  of 
(38)  we  will  find  that  thia  integral  is; 

* ipi-wa9) 

Integrating  by  parts  we  have;  ^ 

ffzL+lfa 


Henoe;  * 


/***  * szsrZ  * &.+ %&}*•  ** 


Slow  using  the  notations; 


; 4-  - • Ct  s O’*  ) 


. • (39) 
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and  remembering  that;  3C" 

w#  rewrite  (38) : ,• 

# ,xa 

yx-ffZ  aa,^,  ^e*l?  + C Jz <&)*(&) 

and  then  {36}  will  he; 

| *'«  . , ' * 

^=2^4 

substituting;  & 2 A OU  J €f-  ^rjjf  / 4/)  = &- •£ 

J^L,  .6/  «.  jA 

4 h^t  ?f 


and  having  in  view  that;  - -^:  ■*  -nr 


we  will  have  the  final  formula  given  by  Prof.  N.Drosdov; 


^ ^j(40) 


jr  * Jp  ~ 5f  c ~ y^J+ftr 

Here;  and  special  Table  fi 


and  special  Table  ftr^^' 

with  3 entries;  j$t  ft  and  ^ for  this  integral  ie 
given  by  Prof.  D.  Ventzel  (Appendix  4 in  book). 
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TB*  following  formulae  should  he  used  *hen  Prof. 
Droadov’a  method  is  applied: 


VA  yovivr  9 wwuw*  r M 

F-Wf ; 

^jf-3  0(-  /■  / A * % 

B~  ?f$»- ; *, 5 T-** ; <?•  &*  »W$* 

MfVfc*  ; A*  #<?“■&%>  ft*, 

v 4 

y-=  4^x  ; f-%*  kjJc+v&^JC* 


a-jMJ * = _&_ +4 

#T  ^ tAh  * ft  &+&&! 

C !^  ^ 

< _ e,  A-  T*„ 

{t.-c.JityTrk 

Tab  la  8 for  with  2 antrias : 5 ana  A 1“  siren 


on  page  311  in  hook. 
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1. , iCaat-  of  ltlie  .ins  tent  aneous  -bumi  ng 

i 4*.  fC'.V  ' ••  f '<•  ‘ * - ■ ■'  ■*•• 


*"Vi  >> 


This  oase  is  not  a normal  one  in  practice,  but  baa  a 

considerable  theoretical  Ihbere'st  as  an  Ideal  limiting 

§ ~ - 

pypceas  fniphp sizing  th^e  mseh,ifig-a»d  significance  of  the 

gradual  bWaing  of  the  'dime neicns  and  forms '.of  powder 
v«\  5 v*  \ ' 

graHSI'^S®  rits{:ba8ib5,1'kirve  (y6,c  ) can  be  called  "a 

directive -curved  for  all  the  curves  ( fo£)  of  gradual 
\ \ / * 


Wihirg.  - 


A 


^ tTsihg^fy  pulverised  pyroxylin  powder  ora  very  fine 
pcwd«  at ^thjjdj9nl^ty_.of  loading  0.50  - 0.75  m 
have  the  starting  'Wxi'md^'^^eaa^re  of  20*000—  * ,000 
Kg. /cm*.  The  analytic ai'&olulbidh  in  this  ease  ls  a 
ai&ple  Ohe  Variable  is'  e limine tdd,  being  equal 

to  1.  The  initial  S;ata S/  69.}  f / //<*.' 

and  the  coefficient  &+  € • the  effective 

length  of  chamber  ^ s • The  basio  equation; 

ft  ) 

and  the  equation  of  the  projectile  travel; 

4?  i 9J.  fiM»  I A O \ 

(*  A*  *•  » - •f't  ft  V v,  «ri  . ( 42 } 

The  maximum  pressure; 


/-efcS  Mr 


’ (43) 


From  (4£)  .and  ,(42)  we 


ytoV-dV- I «(  TT 

/y.^"  Jm  - btptnV**'"  e A-  |W« 


After  the  integration  we  have: 


, ..if* 


^yV(AUW4VM  "V  ^ ^ 

Am;  g^*Tt^ 


Finally  we  Dave: 


F^en.  (4.4)  and  (41)  we  determine  a#  a funotion  rf  ^ 

5 1 P*  $($)=  fi(&i)"m 

u,  . .0-  '■£*-  r W*  K‘-ata>  ‘ 

btttV  #. ' «?i?  = j£S3^f 

^haa  (4ft)  is  #e  aquation  at, the  adiabatic  with  the  in- 
£,v,Hia^  *^^of J»&«  pressure,:,  V^  " 

r,  \ -*  > v 

For  tha  adiabatid  prodess  the  relationship  of  tempera- 

, A*  ► A 

tured  between  which  the  wo#  at*  gases  is  performed  is 
as  fol^owr.  . f - 


as  foi^owr.  . yr- 

Hence  (45)  will  be:  ^ 

if--- %. y/~  % . .. « 

A new  variables  Jf=  representing  tile  relative 
travel  of  the  projectile  is  respect  to  the  effective 


f 


379 


length  ia  called  "the  number  of  free  volumes  of 

gee  expansion". 


Then  (45)  an*  (46)  will  be: 

and  ; 


Thus  practically  jO  and  /lh 


vail able 


are  functions  of  one 


) 

•quMto  *r*»A) 


Fig.  141  shows  a comparison  of  the  effects  produced  by 
the  sane  charge  of  powder  on  the  projectile  when  the 
burning  is  instantaneous  (curves  marked  ) and  where 
the  burning  i3  gradual  (curves  marked^  );  curves 
and  ( e-  press  results  of  the  same  final  effect,  pro- 

duced by  ths  powdev  - i.e,  its  maximum  possible  wor k 
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. < 


s r which  is  the  sams  area  of  the  curves  </4/> 

having  different  forms  - Curve  X anu  curve  77  : 

Curve  will  have  the  same  area  as  the  curve  I only 
at  the  indefinite  length  of  ■?(**)  but  for  all 
practical  lengths  ^ the  area  of  curve  77  is  distinct- 
ly smaller  than  the  corresponding  area  of  the  curve  X 
and  therefore  the  velocity  of  the  projectile  propelled 
by  the  gradual  burning  will  be  lower  than  the  velocity 
of  the  same  projectil  propelled  by  the  same  charge  of 
powder  burned  instantaneously.  Velocity  curves  ( 
marked  X and  u approach  each  other  to  their  final 
concurrence  at  infinity,  “Vg  being  consistently  lower 
than  . 


Z , Case  of  a pcwder  with  a constant  surface  of 
burning  wh en  the  engraving  pressure  is  neglected. 

In  oase  of  degressive  powder  we  have  no  explicit  rela- 
tionships between  and  £ when  the  engraving 

pressure  />  is  involved  in  the  equations  - as  this 
was  shown  above  we  have  void  an  auxiliary  variable  DC  . 
How  we  will  assume: 

1,  Powder  ha3  characteristics  of  the  constant  surface 

of  bum ing;  % a ^ ~ O / X 

(tubular  powders  with  long  tubas) 
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2.  The  motion  projectile  begins  at 

this  aJisumptioa  is  equivalent  to  considering  a projec- 
tile with  its  ready  made  engraving. 

3.  That  & - J:  this  assumption  simplifies  formulas 
and  qualitative  evaluations  of  the  loading  conditions. 

In  general  the  preliminary  periods  are  entirely  omitted. 
The  beginning  of  the  projectile  motion  is  characterised 

by:  ft / 4=  *;  fi *; v* o;{g fyfy £(*■++) 

because 

The  law  of  burning  haa  its  form:  ..(50) 

and  the  independent  variable  is  and  the  formula 

determining  is: 

o*  s i b 

i 5i) 


- I b 

Yfirs  ' ' 


The  basic  equation: 

. . - . . a I 4 /.  at 

* 

The  elementary  work:  p,  $a/f~  'ffhlf-aflt  ~ ojif/ 


Thus  the  differential  equation  of  tha  projectile  motion 

df  _ Bd</>  ..  i.  ~ tV>* 

^<5  ' ' 9 /-YP 


is: 


Its  integration  gives: 


and  finally; 


€‘t(j -***)*  * ']" 


denoting  gr  - from  (52)  we  have; 


4 v s j 

Sinoe  i V"  3 

4-J-S2  r / 7 

we  have;  ^ = irz;  U~  7£&]  • • • • (55) 

Thus  we  have  and  ^ as  functions  of  £ or  £ . 
Remembering  that; 

nr„-  t?  ^ ivd-^“  set  " '■  (56,) 

and  taking  this  pressure  of  tha  igDiter  into  considera- 
tion we  will  have  the  foilwing  expression  for  the 


pressure 


P - 

The  relative  energy  of  the  igniter;  *Vj  r 

*r  f*; 
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then  (56)  gives: 

P s£(/+yj  ° /+y  *(UTyi 

here  yPs  is  the  maximum  pressure  of  the 

whole  charge  instantaneously  burned  in  the  chamber  at 
the  density  of  loading 

Now  using  (52)  and  (54)  we  will  have  from  (5?) 


(57) 


here: 


/3  g M • /?  "~7~Tr  7 - - - ...fast 

- &&***  - ^ 

** 5 /*k  ~ f&0+  V ~ fl*ZO+V 

±-\ 1 J 1. _ w - 1.J i _ i.  1 %_  _ 


is  the  igniter  pressure  acting  in  the  bore  and  rapidly 

decreasing  with  the  increasing  ^ - its  value  can  be 

neglected  in  comparison  with  the  pressure  developed  by 

the  charge*  When  y-.o  (at  the  beginnir®)  we  have  in 

(53)  only  the  first  term  ^ . With  the  increased 

one  factor  of  the  second  term  in  (58) 

f 

is  inoi'eased  and  another 

is  decreased  thus  P will  reaok  its  maximum  va-ue  at 
certain 


* 


Equalizing  the  fir3t  derivative 


of  Ovj*  t0  2ero  "s  v111  de~ 

terrains  'Cf  corresponding  to  the  maximum  pressure  p ; 

* <*» 


3$4 


i*y**  Tqk- i 

* ' dfrO-A,  ft  fa*)* 


(59) 


Hen oe : 


fi&J-l ; £ /.(<-*«)[! . m 

Inserting  (59)  in  (58),  (54)  and  (55)  we  will  have 
respectively; 

A tU  1/J+4Y-  £' S-L)0)f £■•£&  ■ (61) 


- b vu&vj  i " » ' /«-/ w«/ 

-/  «****,  Fx(+V*  0.3*0 


(62) 


and  : 


/*£«5  ' ‘ 

•y--  fa  , 4_  ...tea) 

* S/« 

At  0 = 0.3j  a 0.320  ^ ) 

For  U»  end  at  burning  ^ * 1.  Then;  rr 

...(64) 

* Tfin 

From  (53); 

'**sTFP"‘m 


« #**/* 


--/?(/-¥) 


x 


(66) 
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lor  the  second  period  we  will  have: 


tor  th.  praasupe:  />,£  (0)=fiM  (~-f" 


or: 


ordinate: 

For  the  velocity: 

„ ... . r 


P 

*io 

7§? 


A 


(67) 


(rV)  0»r  * * ‘ 

This  is  the  equation  of  the  adiabatic  with  its  initial 


-<•  ■ s.  V)  ■ ^ «* 


Temperature  of  gases. 
We  had  for  instantaneous  burning: 


Remembering  that  ‘^/»T  90(3  talcifl8  and  U~ 


And  for  gradual  burning: 


from  (51)  and  (55)  we  will  have: 


or; 


7*,  / SZ<  Wht.Xf*  /L  _ / 7 

77  *■  / W*  i/vy  /: 


Z- 

r - 


/ 

'ftW7" 


(70) 


(69)  and  (70)  show  that  the  cooling  with  instantaneous 
burning  is  almost  twice  as  faster  than  for  gradual 
burniig . 


3 $6 


/ ~^r> y oan  be  written  in  terms  of  : 

For  the  end  of  burning: 

/ 7*  / V*i 

For  the  second  period  ( T**/  ):  J* = £ MU' 

ard  using  (68)  for 


. (71) 


Tt 


we  will  have: 


r,  • T—ra  -(72) 

Chapter  4 - JL  detailed  Analysis  of  the  baslo  Relation- 
ships for  the  Simplest  oase  ( v£  s 0*.  **  7^  .1*. 

The  basic  curves  of  f?tV\T  and  as  functions 

of  y or  £ ( Js  Zt  )• 

Immediate  inspection  of  tbs  above  discussed  equations 
and  curves  shows  that  there  are  only  two  types  of  poly- 
troplc  curves,  and  that  these  in  their  combinations 
oan  produce  all  varieties  of  analytical  forms  involved 
in  that  discussion.  These  basic  polytropic  ourves  are 
shown  in  Fig.  142. 
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Tig.  148  - The  principal  type®  of  polytropio  curves. 
Two  curves  with  the  exponents  0 and  -f 
All  curves  star  at  the  point  (O,  /J 


! 

i 


i 


% 


P T V- 

Fig.  144  - Represents  ballistic  curves  of  >r  / zr . -sr 

e p*  Tt*  ssi,. 

and  Y 38  functions  of  Tj-z  for  both  cases  - in- 
stantaneous burning  and  gradual  burning.  All  curves 
are  marked  by  numbers  of  the  corresponding  equations 


as  they  are  given  in  text. 


.(69)  Instantaneous 
burning. 


T l 

X ” XTv|'"(70)  Gradual  burniig. 
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^ M-  i/-(54,) 


For  the  second  period; 


~K  TFkTt 


• A ' 

x*  7 


(66*) 

/ 


b*) 

/ 


/*<* 


(67*) 

(72) 


(68* ) 


Vf~  tF  - ' 

■win 

From  (55)  we  aee  that  ^ is  not  af footed  by  the  weight 
of  projectile  ^ during  the  peri  tad  of  turning  if  we 
keep  the  same  ^ , the  same  powder.  If  we  will  change 
only  ^ (parameter  $ ) then  /*•  t- & and  will 
vary  but  and  location  of  the  maximum  pressure 


sr<* 


jf  s -Sr  will  stay  constant.  Hence  the  practical 

f/H 

conclusions  If  keeping  the  saae  cha'rge  and  sort  of 


390 


powder  we  decrease  £ but  tts  muzzle  velocity  at 
firing  remains  the  same  then  we  oonolude  that  we  have 
the  oase  of  incomplete  burning  for  both  projectiles. 

2.  Tti  conditions  neoessary  for  maintaining  con- 
stant maximum  pressure. 

In  tbs  ballistic  design  of  guns  one  praotioal  require- 
ment usually  insisted  upon  is  - that  the  maximum  pres- 
sure should  not  exceed  a given  value.  Henoe  it  is  very 


important  ror  the  designer  to  Know  now  ne  can  onange 
the  loading  conditions  without  affecting  the  value  of 
the  maximum  preesure.  The  above  shewn  relationships 


permit  us  to  formulate  the  analytical  conditions  of 


maintaining  of  the  value 
CO  and  A . 


in  a given  gun  at  varying 


We  had  (61): 


At  the  given  pewder  and  £ the  maximum  pressure  can  be 

. ^ ft 

changed  either  by  varying  A or  / : \ henoe 


the  required  condition  of  the  constancy  of 


p will 
- S3  g* 


If  oC 
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* ^ at  f'"z  / and  0 we  will  have &$•£)- 
* const.  Having  a known  for  any  given  A we  find 

and  from  the  value  of  0 we  find  X^  or  . 

The  condition  (74)  shows  that  if  we  increase  Xk  (for 
preserving  constant  jj?  ) we  will  have  to  inorease 
the  weh  Je,  so  much,  that  the  deorease  in  $ on 
aooount  cf  a larger  A (& ) would  be  overoone  by  the 
increased  *e, 

Another  important  interpretation  of  (74)  follows  from 
rewriting  it  in  another  form: 

YW?a  ' 

I '*t  _ ffokjZWLfc..  175  i 


or 


Henoe: 


a*- 


x= 


e 

)/K 

— e 


<*0/ 


w 3 1?  # * 


(76) 


This  result  shows  that  we  have  to  increase  not  in 

proportion  with  the  increase  in  in  order  to  keep  fa 

* 

constant. 

3.  Location  of  in  the  bore  ( £m) 

We  had  in  (00); 

£<[$(&*]' ' dO" 
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it  glv«n  A and  composition  of  powder  <,  1=  constant 

ma  not  affected  by  the  thickness  of  po»4er  *e' 

n,  the  weight  of  projectile  ? • Only  by  varying  A 

It  le  possible  to  remove  the  seotlon  with  the  mximum 

pressure  closer  or  farther  frcm  the  beginning  cf  motion. 

lt  A i»  increased  with  the  ltmr.a.ing  3 »»a  111  X*> 

then  £ la  deoreaaed  and.*  » a --J—  . . ..  (62) 

M r»«  &(t+o) 

wiU  alfio  be  deoreaaed  i.e.  t»  fraction  of  the  povder 

.....  e-v,*  imTiinuni  oressure* 

charge,  burned  at  tne  mon»«v  « - 

will  be  also  deoreased. 

4.  The  end  of  burning  and  the  travel  of  the  prcjeo- 

tile  along  the  bore. 

riom  the  formula  (65)  we  have; 


Travel  of  the 
/ / | projectile  at 


burning# 


and  from  (66)5 


Pressure  at 
the  end  of 
burning. 


t 
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At  given  A l 7 i»  increased  with  the  increase  at  Q (on 
aooount  of  increase  in  With  fcfes  decrease  of  £ 

'at  the  sans  A , is  increased. 


Fig.  145  - Presents  a set  of  curves  ( Jfy  y ) marked; 
a - thick  powder;  <T*  - normal  powder;  (f  - thin  powder; 
$ - a very  fiDe  powder.  These  cuives  stow  the  charac- 
ter of  variations  in  the  pressure  with  the  change  of 
thickness  of  powder  at  the  same  A . All  maximum 
pressures  are  at  the  sane  and  the  final  pressures 
are  located  along  the  curve  marked  % which  is  calculat- 
ed from  (66)  at  £?  = 0.2;  /*jf  = 1*1*  Another  curve 
marked  1 represents  an  instantaneous  burning  with  its 
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adiabatic  pressure  curve  ( 1 +9  ) - 1.2.  All  curves 
ft—  <f-  £-2*  intersect  with  tbs  curve  1 but  their 
continuations  (after  Jb  ) are  running  between  the  curves 
1 and  2. 

si 

Pro  sure 


during  the  second  periods 

M / 

p ' Fsr;  ‘ 

Pressure  \ 6 at  the  Instantaneous  burning; 


Hence; 


A" 
)/ 


/ - 


“ Const. 


A*  /**  X 

All  the  abeve  shown  curves  and  formulas  for  the  simplest 
case  (%*  1;  $ *0;  * -J?)  give  a general  view 

of  the  basic  relationships  between  the  ballistic  elements 
of  the  firing  process;  they  show  the  value  and  loca- 
tion of  the  maximum  pressure,  how  fi  is  affected  by 
the  loading  conditions  ( A, 3 );  in  the  same  way  are 
presented  jb  and  ^ j conditions  necessary  for  the 
preservation  of  desired  ft  are  analyzed  and  a very  im- 
portant  factor  of  the  interdependence  of  the  curve  ( 
during  the  1st  period  from  the  weight  of  projectile  is 
noted  and  disc”s'ed. 

For  more  involved  cases  ( i.o;  ; o( #2$  ) 

wi  cannot  derive  such  simple  rela  . ion  ships.  In  these 
cases  we  have  to  analyze  the  influences  of  separate 


elements  considering  series  of  several  variants  or  to 
make  use  of  data  supplied  by  the  ballistic  tables. 
Chapter  5 - Other  Methods  of  Solution  of  the  Ballistic 
Problem. 

1,  Prof.  G.  Oppokov’s  method. 

Far  the  integration  of  the  basic  squatior: 

i _ Bxdx. 

~ K‘X-B,x.x  * * * '13*  or 


Prftf  Onnnlr/Mr  4 n f y*r>A  naeo  a haw  tto  imA  «V»1a  V.7* 

• i "i  « AMV*  VMMV  VW  U MV  W TUA  AU  V AW  ~W  QA*  Vii  WJf  » 


here; 


if J 7^ 

3s  3 (so) 


Then  (79)  after  differentiation  will  be; 

and ; 

<f,+<  - <^<xf*e-e^a.  (%+x,  xi-x3kxy-*t 

using  -c  given  by  (79)  we  will  hare : 

Z+&7; X-  kfa+KX-fX*') 

or; 


or; 


.W'VflUW  «**•*►■ 
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Than  (78)  will  ha  rewritten; 


or: 


3)  will.  De  rewrite**,  ^ 

d't.beav — h-a(K+K>X-&3?’l 

-f.+eeax-  ^ v*.  ft, pc*/?  <•  J 

- £*— . . ? = -BaO+ejX 

dx  %+H '.X-ftX1  ' 


The  integral  of  this  equation  will  he; 

C&XJX  , f $Xax 

JfrKX-fijC*  hJi&Kx-S'*'  7 

J-  £ fe.-*aO+*JK  xdxi^) 


A 

jjSftoO+tJJt 

here  Ct  a c*rtain  constant. 


J 


Taking  Prof,  Drosdov’s  function;  ^ 


than  the  partial  integral  for  will  he; 


?=Z  fc -&aO+6)jz^Udxf 

this  2 inserted  in  (79)  will  give; 

4 S 2 *'/c,  - MaC+vJz1*^' f*  - A 

Ths  initial  conditions  are:  ^no/^-O/  *-  - 
Than  from  the  last  equation  v?a  will  determine  v-4 

0 - i{c,  +cJ+o- 


or: 


r.  * A 

^ i ~£x 
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Thus  the  final  expression  far  & will  be: 

*&0+fyjZ^Xcfxj+a  TX~ 

2.  Profc  I,  p,  Grave's  method* 

This  method  was  devised  by  Prof.  Grave  as  an  improve- 


ment of  method  used  by  Bianohi  (1910). 


r»i — u 1 A 

XJXCUiU  JLLl  uuu- 


aider® d and  ^ as  related  each  tn  other  in 

•yav.  • 

the  following  way:  £>.-0  1 ^ )£*=/  ) 

Under  these  conditions  the  ourves  ( fi/)  ari  ( Iff) 
have  the  angular  points  at  the  beginnings  of  the  second 

and  third  phases.  Prof.  Grave  considers  as  a 

r 

variable  determined  by  the  average  value  of  its  derive- 

i/I 

tive:  -K<0  because  ^ is  a decreasing 

value  during  the  burning. 


aouss  we  nave; 


fi  _ fi  ..fi 

- t WL  -/VI. 


(831 


At  ^ * 1 ( end  of  b um  ing ) : £ ’.4  ^ 

r fp  rt 

* " 

Ctf  / <•<  ) 

Then  (78)  will  be  rewritten: 

U€  _ Bxct'x 


or 


(84) 
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After  the  integration  we  have: 


tv  Vi1) 

and  finallyi 

“ £<ft (85) 

But  the  constant  involves  the  ratio  and 

T/  n 

is  supposed  to  be  not  known  yet.  Prof.  Grave  gives  a 

p 

special  nomogram  which  is  used  for  finding  W from 
given  loading  conditions  ^^jfyand  tbj Z 

Thus  having  ;;e  find  K and  can  use  (85). 

Chapter  6 - Prof.  M.  I.  Serebryakov's  Method  of  Solu- 
tion of  the  Principal  Problem#  Based  on  the  Physical 
Law  of  Burning. 

It  has  already  been  shown  that  real  burning  for  several 
reasons  does  not  follow  the  course  prescribed  by  the 
geometrical  law  cf  burning.  The  analysis  made  by  means 
of  the  experimental  curves  ( y ) and  ( *7  t)  die- 
closed  that  even  in  cases  of  powders  with  the  simple 
for vv  of  their  grains  their  burning  always  presents 
certain  abnormal  features  like  - non- instantaneous 
ignition  or  an  accelerated  bumirg  of  the  outer  layers 
(irregular  *humpy*  curves).  For  phlegmatized  and  por- 
ous powders  the  geometrical  law  cannot  be  applied  at  a',’„ 
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I 

i 


I 


i 


I 


I 

I 


1 

V 


Th»  actual  law  of  burning  Ran  be  studied  and  reliably 
established  only  by  burning  powder  in  the  manometric 
bomb  at  various  densities  of  loading  am  by  analyzing 
the  curves  of  pressures  and  velocities  as  functions  of 
time.  From  the  analysis  of  ( fa,  t ) curve  we  obtain 
the  characteristics  of  the  Intensity  of  gas  formation 
fV  and  I-  ffidt  as  functions  of  and  £ . 

Then  the  curves  ( fit  ),(  f]  t ),(  ^ ^ ) are  1186,1 
for  the  evaluation  of  pressures  and  velocities  at  the 
actual  burning  in  the  bore  of  a gun.  Thus  the  princi- 
pal problem  of  interior  ballistics  is  solved.  Only  by 


using  these  curves  it  is  possible  in  practice  to  dis- 
close certain  individual  peculiarities  of  powders  of 
different  brands.  Not  infrequently  the  powder  lots  of 
the  same  make  which  are  supposed  to  be  identical  in 
their  chemical  composition  and  grain  dimensions  at  the 

firing  tests  with  ths  same  A and  2%  required  not 

*/»•  r' 

the  same  weights  of  charges  but  differ!',  as  much  as 
0 - 8#.  Siperiaental  tcs;s  in  the  manometric  bemb  with 
thes$  powders  disclosed  that  their  rates  of  burning 
were  different  to  the  extent  of  10  - 20#  la  the  sane 
way  the  principal  problem  /or  phlegmatized  and  porous 
powders  can  be  solved  by  the  applying  the  experimental 
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(physical)  law  of  burning.  This  law  requires  tbs  use 
of  the  rate  of  burning  expressed  in  the  form  U~  Ut  ft. 
which  ie  a direct  consequence  of  the  observable  -act, 
that  the  curves  ( X*  ) at  various  A are  identical. 
In  other  words  our  basic  postulate  is  that  in  the  bomb 
at  various  A as  well  as  in  the  gun  (when  during  the 
firing  the  density  of  loading  is  continually  decreased), 
the  impulse  or  M is  a monotonic  function  of 
and  is  not  aff sated  by  the  value  of  A * This  state- 
ment was  proved  by  experiments  in  manometric  bombs  at 
various  constant  densities  of  loading  and  its  axtrapol- 
atlcn  is  fully  justifiable  far  tbs  cases  of  much  higher 
densities  of  loading  existing  in  guns. 

1.  The  principal  rela  ti  cm  ships  under  the  physical 
law  of  burning. 

Our  basic  datum  is  the  pressure  curve  obtained  from  the 


eiporimonuo  in  a bomb,  and  this  curve  is  used  for  the 
calculations  of  the  pressure  and  velocity  curves  expec- 
ted to  be  realized  at  tbs  firing  of  a gun.  The  dansity 

co 

of  loading  in  a gun:  & « r/m+$£'  durix^  the  firii*$ 
is  toe  mai.i  factor  controlling  the  value  of  the  pressure. 
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The  following  notations  will  be  used: 

A,  - density  of  loadir®  in  a bomb. 


A - the  initial  density  of  loading  in  a gun. 


and 


and 


*0  - are  ;he  values  of  pressure  and  time  cor- 
responding to  the  given  ^ ana  A as 
they  are  recorded  in  a bomb  as  the 
curve  ( ?*>> 

t - are  the  values  of  pressure  and  time 
corresponding  to  the  same  value  of 
at  the  variable  density  of  loading 
in  a gun. 

The  corresponding  values  of  the  integrals  are  as 
follows: 


/» 


In  a bomb 


! fp&  a I 
Jpj*  --  L 

e 

fa * - z„ 


In  a gun:  JH*  a 1 

o 

s im 

a 

Jfrdb  ~ iH 


From  the  experiments  in  a bomb  we  have  tables  or 
curves  of  the  values  I , !<»,£*■ 

Since  che  impulse  is  not  affected  by  the  value  of  A 
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we  will  have: 


A 


f ^ f * r X and  after 

""  jPdV  < jT  differentiating: 

4 4 ) 

tVA 

Here:  is  an  elementary  interval  of  time  during 

*hioh  the  burned  fraction  will  have  its  increment 
at  the  burning  of  powder  in  a constant  volume  at 


^ J 1 /*•»  ^ 4 MM  Jk 

MUB  UOUBl  VJ  WA  .*//UWA*J6  ^ 


-/>c 


4 m M m a Ml  a wf  o ■ 


interval  of  time  during  which  the  sams  of  the  same 
ft  will  be  burned  at  the  pressure  ft  , at  A deter- 
mined by  the  current  value  of  - the  projectile 

. CO 

travel  along  the  bore  of  a gun.  Here  m ^ a 

vvse 

aid  the  independent  variable  is  y 

2.  Velocity  ^ as  a function  of  ft  . 

«, e / /»  *j  »«,  — . o A v/ 

Fromi  'f'lft  k*  / — ( 


we 


have:  (f/n  i/- x S Jp  df' i S ( 1 - 2 *) 


, i - ^ 

here:  w — -y y—  is  a fraction  of  the 

r°  £ 

charge  burned*  in  a gun  before  the  beginning  of  motion 


of  the  projectile. 
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?R 


Thus  we  ha  ye: 

or*. 


if?h  4^(88) 

2>  = ..(89) 


Here  I and  X are  known  for  the  values  of  and 


fror  the  experiments  in  a bomb  and 


is  known  for  a 


given  gun. 

Thus  V"  is  given  by  (89)  as  a function  of  f/  . 
for  ft  * 1,  we  have:  ,fc  S 

‘V* 


Hr"  *h'(r<).w 


For  the  end  of  burning. 

Here  XH  is  the  impulse  corresponding  not  to  certain 
average  thickness  of  powder  but  to  the  me.xi.jum  thick- 
ness which  may  considerably  deviate  from  the  average 


Fig.  146  - Shows  the  curve  ( Z j*  , with  J^whi Ou  cox*aC8  — 
ponds  to  the  maximum  thickness  and  Js  which  corresponds 
to  the  average  value  j*  . 7 s 7 

*uT  s 


Hence  we  conclude  that  for  the  actual  burning  will 
be  greater  than  Zfc  » corresponding  to  the  geometrical 
law  of  burning  and  also  (physio  law)  will  be  larger 
than  (^(geometric  law). 

3.  Travel  of  the  projectile  as  a function  of  ft  . 
From  (88)  we  have:  ef/ s 

and  after  the  integration: 

t?=  £/<Y-4>#  . . . (si) 

Here  ^^corresponds  to  the  element  dt  and  5s  affected 
by  the  pressure  ft  which  for  the  time  being  is  un- 
known. From  the  experiments  in  a bout)  we  will  have  the 


following  expression,  analogous  to  (91): 


f /P 

Cr~  ' •fnijj^rdt  = & ' 

Here  the  value  of  L is  a function  of  obt 


<$h  * ^ * - ( 93 ) 

ft  obtained  by 


the  second  integration  with  respect  to  c»*  along  tbs 
curve  Jpjdt  and  by  multiplication  by  ( j . We 
knew  that  f ia  a travel  of  the  projectile  correspond- 
ing to  the  burned  fraction  ft  and  we  consider  ths 
value  of  L,  as  a travel  of  the  projectile  if  the  pres- 
sure behind  the  projectile  were  developed  according  to 
the  same  law  which  is  effective  In  a bomb  at  the  con- 
stant when  the  same  fraction  is  burned. 
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This  value  L can  be  determined  by  tbs  experiment  in  a 
bonfl).  We  tak  e a bomb  with  a large  volume  (300  cu.  om* . ) 
and  with  the  free  piawn  (cross-sectional  area  1 cm8.) 
having  ita  stroke  about  3 cm.;  then  the  additional  vol- 
ume will  be  only  about  Vf>  and  we  can  consider  the 
travel  of  such  piston  under  the  pressure  acting  in  a 
constant  volume.  Our  immediate  problem  is  to  find  the 
relationship  between  £ and  /^,  and  since  / is  a 
function  of  j*  we  will  find  £ as  a function  of  (£/ 
in  the  following  way: 


Dif fere ntiati tig  (91)  and  (92) 


we  have: 


(93) 


and  from  (87)  Ut  „ ....  (94) 


Zt 

p 

The  rat io Mpy  is  determined  from  the  expressions  for 


these  pressures, 
t u 

r* 


'fid/ 

f «r 


— ✓ 


JVje  /-  -y-' 

The  denominator  is  a free  specific  volume  of  gases 


• «/a^.  1 hZ 

; r V.  ' /‘/r 


at  J&j  * Since  tho  last  term  in  the  df.nuoina  tor  ?»  very 
small  in  comparison  with  the  first  terms  we  will  con- 
sider the  average  value  of  VVL  at,  - 4r  . then; 

r ■ x 


«MW, 
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We  will  have  notations: 

■)*  e< ; -f  - oi  n 

/ J At 

Then: 

r*  £ 

and : 

u_nT^_ 

. T_  /tv 

.r, 

P - 5p3?"/-«V^ 

Here: 

“ cei/. 

for  the  gradual  burnir^: 


Then  finally: 


ourning;  a M & 

r. (*•-«'*  f / a.  f / jj 
77  V *‘‘■'♦*<7'  (e,  .grrfcjg) 


&(/+£)* 

Now  (93)  and  (94)  will  give:  , 

%(<+£)*;  «'*<+$ 

After  the  integration  we  have: 


(95; 


Jb%rs 


denot  ing  : /+  jh  s JC 


Then  the  left  integral  will  be: 

I & (//_ 


"s.( 


_L  \ 

XT/ 


The  right  integral:  r 

a*  F 


it/  - j*f  / 

«; 

% 


& 
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Thus  we  haves 


/ > „ §£•  /*  - »'// 

/-  -jf  - * sj„: i~r,  - n l~r0  - 

H.p.i  g= /Is,.-  / • zpzf  % ■*?."£ 

but  Amf9“  % 


■ (96) 


So: 


/ AS  / 
/5“  X*  S XT*' 

At 


/»rr\ 

...  \»r / 


And  finally  from  (96)  solving  it  for  C : 

tov,!  . * r * n .... 

«e  ted  an  approximate  solution  with  in  this 


form: 


A A A ?!*  / 7. . .. 

w r**<-  **  J 

If  we  have  % = 1 and  =0  then  ^ ^ 

,7  /?  r ^r£  1 

<*  < 


(14) 


* / AO  \ «»4  1 1 ! 

anu  umu«  \ w mv 


(99) 


and  (14)  will  be: 


^e^izv-zj 

v&ich  shows  that  the  function  { i-&L^)  applied 
with  the  physical  law  of  burning  is  a counter  part  of 

function  2 used  vith  the  Seometrica;i  of 


burning.  Thus  (89)  and  (98)  will  give  If  as  a function 
erf  £ . Instead  of  considered  on.  the  whole  range 

of  firing  process  we  may  use: 

(X00) 

whioh  is  / taken  for  a current  value  of  the  average 

. fb 

This  auxiliary  function  L ft  beir*  determined  for 

a definite  density  of  loading  in  a bomb  is  a true 

expression  of  the  physical  law  of  burning  controlling 
the  actual  process  of  firiig.  The  pressure  is  found 

s - i . 4.J  -»<#  Pfti 

rrom  wi©  oaoic  vx  + — • • 

■faf-ftmvr' 

p r — (101)  or  (53)  in  part  1‘ 

here  all  variables  are  known  as  functions  of  . 
Differentiating  with  respect  to  £ as  was  shewn  in 
(59) » Part  I,  we  have:  * 

<€t i *>’"'■  / * <.  r~*  J 

„ JL  /T-  T. } and  P are  known  as 

uei'o. 

functions  cf  . 

Making  win  *BV6; 

, i3...  y y ( c *jr  \ 

nil-*  Sal-  -h  ! L^’/e  //  v*  S J .■*<“  f 2* 

r_rr  4,  ^ / •** c i x ^ j v^’-w  v 


Making 


we  will  have: 





(108) 
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Deceit  leg  i 


we  have  finally; 


■s  ; - ^ . iCL.7  ^ 

5 f - *•  m 


ye  t#im  r 

'vjrS)U~^"fr  & 
•£.'  -5  a 2>-  C • 


Considering  I~  X**  and  D 

we  will  find  (Z^T*)  J and  ^ determined  by 

tbe  point  of  intersection  of  two  curves  and 

j which  is  shown  on  Fig.  14?. 


4 

I 


Fig.  147 

Curves  T- 1 * ■£/+)  and  Z).  /*«  -NlC*  J 

At  j (*%/ 

(the 

end  of  burning)  we  have; 

* 

45  &* 

_ / 

h-mttil 

- Ut 

*.£v  ' w _/ 

h 

•/* 

A /& 

/*  ” 

$ 

e.+e* 

IfaSW'JWSWI 


I 
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For  the  second  period  formulas  are  as  we  had  them  before: 


4.  Graphical  interpretation  of  the  solution  based 
on  the  physical  law  cf  burning. 

ifhen  applying  tbs  physical  law  of  burning  the  first  ate 
step  consists  of  the  ballistic  analysis  ctf  a given 
powder;  for  two  densities  of  loading  4^  and  Jl.  in 
a bomb  must  be  determined  - f , covolume  04  , the 
experimental  cbara>  teris tic  of  the  Intensity  of  gas 
fo mat  ion  P ft)  and  the  impulse  _/sr  as  this 

is  shown  on  Fig.  148. 


Fig,,  14S  - Basic  curv«s  [P,  CttJ  and^£j^/. 


From  given  loading  conditions  we  calculate 

i l » i»~  7 

and  on  the  curve 

is  determined.  Subtracting  this  from  all 
we  will  determine  another  curve  (t-i.)  as  a function 
of  *jj  and  of  a®  it  is  shewn  on  Fig.  149. 


•>»v.  r1  •"  ^ J _ 

lUQyvo  Cl  1 IXUXig  « 


* — «•  i 

Numerical  integration  along  the  cur^e  (Z-U)  as  a 

function  of  £ will  give  us  J^£-Xjtln 

function  of  ^ . 

* 


as  a 


Let  us  denote;  Gf*  r jjj^^ 55  / *< ? / 
multiplying  and  (jyy^  on  we  have; 
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ana: 


- r* 


' • (92) 

Velocity  '2£  is  a function  of  not  af footed  by  A . 
Function  aa  a function  of  is  affected  by  > 

because  tbe  time  element  d T corresponding  to  iS 
decreased  when  A is  increased  as  this  can  be  seen 
from  the  following: 


or:  dte  - ^3 


an,i:  T3"  — 


/’a#' 


Therefore  will  be  decreased  when  will  be  in- 
creased. As  a result  of  this  the  curves  and  L. 
as  functions  of  will  run  higher  for  smaller  ^ • 
From  (89)  and  (92)  we  can  determine  ir  as  function  of 
L or  ( , for  various  A (a,  , A*  and  A0  whioh 
is  the  initial  density  of  loading  in  gun)  which  is 
shown  on  Fig,  150. 


•x  t 


V 


U3 


Pig.  150  - Here  we  have  curves  for  A0  - 

marked  v/fa-j 

for  Ax  - marked  V*/  (&i)  for  At  - marked 
The  actual  curve  ter  a gun  will  have  its 

varying  rrom  /j0  (the  highest  density  of  leading) 
down  - this  curve  is  shown  as  a dotted  line  nsxt  to  the 
ourve  . 

The  coordinates  £ and  of  this  cruve  are  calcu- 
lated from:  ^ j 

& filfrpiOO) 

and: 

V'jLC1'-#--  1891 

The  essential  difference  between  this  method  and  others 
used  in  Interior  Ballistics  is  that  £ as  a function 
of  is  obtained  not  from  the  basic  equation  ctf 


Pyrodynamios  but  from  the  equation  of  state  of  powder 
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gases  uppjd  for  separate  locations  of  the  projectile  in 
the  bore.  No  assumptions  different  from  those  which  are 
normally  used  in  practioe  are  involved.  The  basis  of 
this  method  is  the  pressure  curve  ( 7?*  ) obtainable  in 
a bomb  as  a characteristic  of  the  real  law  of  burning 
with  its  all  deviations  from  the  geometrical  law. 

The  analogous  result  oan  he  obtained  by  the  numeri- 
cal Integration  of  Taylor's  series  or  finite  differences. 

If  we  admit  the  use  cf  the  geometrical  law,  the 
present  method  oan  be  used  if  we  take; 


This  means  that  this  method  is  more  general  and 
mare  flexible  than  other  methods  based  on  the  geomet- 
rical law  of  burning. 


U5 

Resume ; 1.  Maximo*  pressure  is  obtained  earlier: 

when  calculated,  applying  the 

physical  law. 

2.  Velocity  curve  is  higher  beware  the  end  of  burning 
when  calculated  applying  the  physical  law. 

3.  The  same  value  /&  is  obtained  at  the  lower  value 
of  / , when  calculated  applying  the  physical  law. 

4.  Tba  end  of  burning  ( t#  ) and  % are  greater 
and  />  is  smaller  when  calculated  applying  the  physi- 
Gal  law. 

5.  The  muzzle  velocity  V*  ana  the  pr.s^r.  ft  ar. 
the  same  when  calculated  by  both  methods. 

Note;  “Physical  Law  of  burning  in  interior  Ballistics" 
by  Prof.  M.  I.  Serebryakov,  published  in  Moscow,  1940 
4-  .. ■!«♦..»*  WnoHnh  hv  V.  A.  Nelcrasaoff  S9  a 

JLV  VAOU0  AW  w — w - ' 

very  helpful  supplement  to  the  course  in  Interior 
Ballistics  of  the  same  author.  The  results  obtained 
by  Prof.  Serebryakov  are  original,  new  and  important 
for  the  practical  applications  erf  Interior  Ballistics 
to  the  design  of  artillery  systems. 
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Section  VH  - Numerical  Methods 


Chapter  1 - Numerical  Integration  m finite  differences. 

1.  Application  to  the  determination  of  a function. 

1.  Tabular  determination  of  a function. 

2.  finite  differences  of  various  orders. 

3.  General  properties  of  finite  differences. 

4.  Xvaluatlon  cf  the  coefficients  of  a function. 

5.  Practical  uses  of  the  finite  difference. 

a.  Interpolation  of  a function. 

b.  Interpolation  of  an  argument  (Inverse  interpol- 
ating). 

o.  evaluation  of  definite  integrals. 

2.  Numerical  integration  of  the  differential 
equations. 

a.  Numerical  integration  of  equations  cf  the  first 


order. 


Xzample  1:  Integration  of  equation: 
team  pie  2:  Integration  of  equation: 

at.  j_.  Ut. 


<**■  r-  jfe 

b.  Numerical  integration  of  equation  3 0?  the 


second  order < 


tW- 


teample:  Integration  of:  ^ ~ Sfi 
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** 


haring  in  view  that 


1 *53-1  **«+ 

* e 4s9(H) 


Chapter  Z - Solution  by  Development  in  Taylor  Series, 
Iqua tione:  p$(€^£^9  fto  f*~t **  *fV~X 

gzU*Utfi 

p$  Z :x  if/h 

1**§£l(*-X0)-*nX  +&2A-S+&& 


All  variables  are  expressible  in  terms  of  £,  and  of  its 

/ 

uarlira wh . T.m g if  ta’ica  f?  as  t-^3  independent 
variable  then  £ will  be  that  function  which  we  have 
to  develop  in  Taylor’s  serins  and,  having  value  of 
at  the  moment  tn  we  will  evaluate  and  its  der- 
ivatives for  t ~£a  . Hence  we  will  find  Z > 

p it,  p and  if  i.e.  all  the  elements  or  the 
firing. 


41$ 

fleotlon  VIII  - Fmpirioal  Methods  of  Solution, 
Chapter  1 - Monomial  and  Differential  Formulas, 

1.  Monomial  empirical  formulae. 

Prof.  N.  Zaboudaky * s formulae  1894  and  1914 
For  V field  artillery  gun:  It  * H, 


For  3* , 4.2*  and  6*  gune: 

Her  e // , K>  Hi  and  H,  empirical  coefficients  for 
given  loading  condition 8. 

2.  ttnpirical  differential  formulae. 

Formulae  obtained  by  the  Testing  Commission  of  the 


u&a«d  fuSSv*  Hi; 


. — x / a r»r\*  a Aa  a\  t 

rjwo— j^wxu  i .#  #rrc -*»**s» 


| is  - ? r 1%-i 

3.  Prof.  V.  2.  Sloukhotzky’s  corrective  formulae 
and  table  8. 

/ AjfL  aKi 

Corrective  formulas  for  ,6  and  or  -™  and  ' 

<*  *'  ft*  V}, 

as  they  are  affected  by  the  variations  in  parameters  X. 
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£ and  ) are  give n in  terms  of  ooeffi 

cients  /B  for  fa  and  £ for  . 

Tor  every  parameter  .X  we  have;  ■*  fa 

Pot  A 


and 


Ooaff  Iolanta  fn  are  affected  by  the  values  cf  ^jj>  and  <4 
Ooeffio  lent s / are  affeoted  by  the  values  of  P a 
and/^s  (Tables  are  given  here — see  the  next  2 pages). 

%.  Formulae  and  tables  given  by  0.  Kisnemsky. 

Since  in  empirical  formula  as  in  majority  of  oases  the 
weight  of  powder  oharge  (u  or  the  thickness  of  grains 
( **,  ) are  not  taken  into  aceount,  Kisnemsky  worked  out 
his  empirical  formulas  among  which  here  are  given  the 
following:  ^ 

n (cu-  W#)  - here  6^  is  that 
part  of  the  powder  oharge  which  is  spent  during  the 


A r X Ig  OU  lifiS  soouuuax'^  nux  as  auu  is  glTvu  by  I 

aj,  - 0.001  (s  £,l)%e)\  cu- (w.+ $(,)■ 

here  subscript  T),  refers  to  the  moment  when  the  pro- 
jeetile  leaves  the  muzzle. 


S£'  ^ ^ — S'-  j O'  & O^t*. 

cc  C- 'O  vO  *a  J vO  c~  vo  -o  na  ia 


>q  cv  caC'-cao 

•JnNHrtH 
• ••••• 

O O O O G O 


O'  C^  i>  ca  CO  ia 
CO  A-vC  vO  4\  IA 

• ••»•• 

oooooo 


N'Or)<C'0«\ 
C'-'O  vO  4\  US  »a 


Ra»Jj8&|  8SJ8S** 

odd 


CV  4\  Q VO  -4  CV 
S'  SO  >1  lAlfU^N 


CV  -4  O'  Cv-  us  -4 

CV  H O O O O 
»••»»• 
o o o o o o 


CffiO'H'A 
. 4nNNH 

I • « i t • 

o o o o o 


cv  c-  -4  ca  tv  cv 

NO  MV  US  tf\  U\  IA. 


•40  t- 
'O'fl  UN 
• • • 
o o o 


CNI  0>-40  r-vO 
C^-vO  vO  '3  CA  U\ 


3KSJS;3S  8SF1SSS 

••*•••  • ••••* 

oooooo  oooooo 


COnOC^CVCKCO  SS«'OH«P!A  0'4QNUN<t 
nNHnOO  « f-4v)  unun  •O'OvO  umaun 

A ^ ^ rt  ft  ^ 


NAxO  O C-- 40  W\ 
NHrlOOO 

OOOOOO 


CQnC  «a«aco 
. -J^CACV  H 


O'  -4  cv  ca  r-  ca 

-4  -4  (A  CV  H H 

•«••••• 

o o o 


US  O'  ,-j  US  r-l  O' 

-4CV  CN  H H O 

OOOOOO 


O CO  CV  O-ffc-lA 
CAH  H O O O 
«••••• 
OOOOOO 


CAnOHCOCAca  CA  O'VO  -4  CA  CV 
h-'J'OUNUNIA  sOVNUNUNUNUN 

■ •(•ft  •••••• 

OOOOOO  OOOOOO 


O o o 


CV  HS?  CM  O' 

C'-  t>-(0  vO  UN 

I • • • • • 

o o o o o 


IAHnO  CV  O't' 
C^vO  VO  VA  US 


CV  vO  r4  <0  vO  NA 
CvnOsO  UNUNUN 
• •€••* 
oooooo 


'0<5<AO"04  V)HCvUn4a 
C2  VD  vO  US  US  VA  'O'OIAUMAIA 

oooooo  oooooo 


»£>  4}  w.  CO  CA  O' 
O'  CO  C^'O  vO  US 
• ••••• 
oooooo 


t’f'O'IA  O'VO 

CO  C*-  vQ  'O  «A  us 

« • • • ttf  • 

oooooo 


O cr\  c 

»/v  cj\  rvJ 

II  • * • • 

O O O o 


CA  r-j  rl  CA  to 
US  -4  CA  CV  rH 

I • • ! • • 

o o o o o 


unOnco  O acv 

NA  CA  CV  CV  H H 


44Cr( 
C^CO  t" 
II  • • •’  • 
O O O O 


O'  40  S'-  H C- 
O'  to  C*-  C^vO 

I • • • • • 

O O O O o 


£-•  vO  CS-  O CA  CV 
O'  CC  c-SnO  V) 


tcc-C'-'Ovo  r-vo  vo 


CV  O'  -4  CV 
fv-  vO  vO  vO 
!!•••» 
o o o o 


AO'4rtO' 
f~vO  40  4J  C.N 

I • • * * • 

O O O O O 


M>4QC0V) 
r-vO  vO  vO  CA  VA 


oooooo  oooooo I oooooo 


to  -4  f-  CV  O'  C'- 

ACVH.HOO 


vO  vO  CO  CA  O to 
COt'vO'OVJt.'N 


OOOOOO  OOOQ  U‘t_' 


j O'AO'C'UNv* 

V)v>  unununun 
I • 

oooooo 


888881 


’-A  CO  CA  O CA 
-4  CV  CV  CA  CA 


Chapter  2 - Empirical  Tomnilaa  and  Tables. 

1.  Leduc’s  formulae. 

& - ££.  - ^ r §^r  ; fi  r £ 

f+e  ' ' t+e>.'r  s (?+€)*  *•  2 

ft. - XT ' It  V 24-- <**  wf-M 

t~  t,  * ifi eJ;  t", » <»  / 
t*  £[*■***  § '+*■»*%¥] 

from  ££  and  we  will  have; 

_ r/& sft  //  . )3 KL.  (l-\irtThSih 

* - s^viSi  v'  *3P£//<aV  ’’  '^/‘2 

h.r.-  A - iS*-  ¥h,21* 

V *r  ' 3P?,.  a 

Jhiar.  a ia  determined  then : ^ 

Since  a and  b are  found  from  the  values  of  2/j  and  / 
Leduo  gave  the  empirical  formulae  for  a and  b in  terms 
of  the  loading  conditions  and  characteristics  of  powder; 

Here  0(  is  a characteristic  of  the  potential  of  a pow- 
der and  varies  only  slighti/,  and  is  a characteris- 
tic of  the  rate  cf  homing,  largely  depends  on  Jt€,  and 


varies  within  a very  wide  rargs  *from  S to  65), 
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For  pyroxylin  powders;  04  o*J?0?0 

a - so  go  (%.)* //*  <u«/  &-(%-!)£>. 

Prof.  Serebryakov  gives  empirical  values  of  y3  as  a 

function  of  I'Jpdt  from  the  experiments  in  the  man- 

For  the  powder  with  seven  perforations: 
•fro-tr 


ometrlc  bomb. 


srko.t 

/3  s 4'Jf Jfidt 


For  the  powder  with  one  perforation 


m.er 


He  also 
and  l>: 


gives  the  following  simplified  formulas  for  a 


2. 


Heidenreich's  Tables  (1900) 


Yjw^St  £(TJ)* 


h(td=-£*-  ^(n>c~ ■ 

Pt,  VA 


9(n)=-^  nTp^-J4 

Cep  tKy 


0.0046 

0.0104 

0.017? 

0.0262 

0.0360 

0.0471 

0.0597 

0.0740 

0.0903 

0.1090 

0.132 

0,160 

0.192 

0.231 

0.283 

0.360 

0.422 

0.605 

0.855 

0.980 


1.000 


0.200 

0.240 

0.274 

0.306 

0.338 

0.368 

0.400 

0.432 

0.465 

0.501 

0.5a 

0,585 

0.635 

0.697 

0.779 

0.838 

1J>00 

1.181 

1.254 


0.288 

0.306 

0.322 

0.337 

0.352 

0.367 

0.383 

0.399 

0.a6 

0.435 

0.457 

0.482 

0.511 

0.546 

0.592 

0.636 

0.747 

0.908 

0.987 


0.646 

0.695 

0.744 

0.792 

0.842 

0.893 

0.946 

1.000 

1.056 

1.116 

1.180 

1.249 

1.322 

1,406 

1.507 

1.575 

1.715 

1.815 

1.345 
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i 


1— . 

l 

•i~? 

H 

no o-n 

B9 

, 

Z(4)«— - 

0.25 

0.445 

0.690 

0.375 

0.689 

0.50 

0.615 

0.890 

0.624 

0.830 

0.75 

0.723 

0.970 

0.828 

0.924 

1.00 

0.790 

1.000 

1.000 

1.000 

1.25 

0.833 

0.966 

1.145 

1.063 

1.50 

0.848 

0.893 

1.268 

1.119 

1.75 

0.849 

0.828 

1.372 

1.170 

2.00 

0.843 

0.769 

1.460 

1.218 

2.5 

0.818 

0.668 

1.609 

1.306 

3.0 

0.786 

0.590 

1.726 

1.387 

3.5 

0.753 

0.527 

1.824 

1.463 

4.0 

0.721 

0.475 

1.909 

1.536 

4.5 

0.691 

0.433 

1.981 

1.606 

5.0 

0.663 

0.397 

2.046 

1.672 

6 

0.614 

0.340 

2.158 

1.801 

7 

0.572 

0.297 

2.250 

1.923 

8 

0.536 

0.263 

2.328 

2.042 

9 

0.504 

0.236 

2.395 

2.156 

10 

0.476 

0.214 

2.453 

2.267 

11 

0.451 

0.195 

2.504 

2.376 

12 

0.429 

0.179 

2.551 

2.483 

13 

0.409 

0.166 

2.592 

2.588 

14 

0*391 

0.154 

2.630 

2.692 

15 

0.375 

0.144 

2.665 

2.794 

16 

0.360 

0.135 

2.698 

2.895 

17 

0.347 

0.12? 

2.730 

2.994 

18 

0.335 

0.120 

2.760 

3.092 

19 

C.323 

0.114 

2.787 

3.189 

20 

0.312 

0.108 

2.812 

3.286 

25 

0.270 

0.086 

2.921 

3.758 

30 

0.238 

0.071 

3.004 

4.214 

35 

0.213 

0,060 

3.070 

4.659 

40 

0.194 

0,052 

3.132 

5.095 

50 

0.164 

0.041 

3.220 

5.946 

75 

0.120 

077 

3.373 

7.995 

100 

0,096 

0,020 

3.480 

9.966 

427 

Section  3X  - Tabular  Methods  cf  Solving  the  Problems  of 
Interior  Balliatloa. 

Chapter  1 - The  Importance  of  Tabular  Methods  for 
Artillery  Practice. 

Ir.  1910  Prof.  N.  Drosdov  designed  his  tables  in 
whioh  ^ and  ( -^rj  were  given.  This  was  an  im- 

portant step  in  the  progress  of  Interior  Ballistics. 

Not  only  did  the  direct  problem  receive  a simpler  and 
shorter  solution  but  inverse  problems  involved  in  the 
deaigiing  of  guns  reoeived  their  simpler  solutions: 
the  evaluation  of  ^ assuring  the  desired  at  given 
ZV  with  the  oomplete  burning  within  the  bore^^<  CjJ  j 
the  determining  of  the  web  of  powder  assuring  the  de- 
sired jb  j the  conparison  of  several  variants  with 
changeable  CO  and  but  with  oonstant  eto. 

These  tables  were  immediately  admitted  in  practice,  ex- 
panded, supplemented  and  in  1933  republished  and  used 
as  the  basis  fcr  other  tables  published  by  the  chair  of 
Interior  Ballistics  of  the  Artillery  Academy  for  powders 
witn  constant  surface  cf  burning.  In  1933  were  also 
published  tbs  tables  of  the  Artillery  Scientific 
Besearch  Institute  (Russian  abbreviated  title  - A.HM) 
in  which  for  given  loading  conditions  can  be  found  not 


m 

onl*  /ft,  4. , 4,  but  also  velocities  and  times  as 
functions  of  £ . 

Thu 8 such  empirical  sources  as  Leduo’s  formulas  or 
Heidenreich’s  tables  became  obsolete  mainly  because  of 
their  uselessness  when  evaluations  of  the  powder  charge 
or  of  the  size  of  powder  grain  were  necessary.  In  1942 
Tables  of  the  Chief  Artillery  Board  ( HAY)  were  pub- 
lished under  the  supervision  of  Prof.  V.  Sloukhotzky  in 
three  parts  and  with  the  Special  Fourth  part  for  the 
use  in  the  ballistic  design  of  guns. 


general  outline  of  the  procedure  of  tabulation. 


In  order  to  have  tables  applicable  to  guns  of  all  call 


bers  the  initial  equations  used  for  calculations  are 
written  in  relative  terms  i.e.  A is  used  Instead  of 
OJ  , the  relative  travel  A9  which  is  the  number 
of  volumes  of  gas  expansions  (£>'  ft)'  f or  -jp  are 
used  instead  cf  jb  . The  constants  are  selected  in 
dimensionless  form  as  for  example: 

D s%1 

Q-  p — (Drosdov’s  parameter) 


In  general  there  a r«-  3 parameters,  Involved  in  the  e- 
quaticns  containing  ballistic  variables  - fe,  1A  and 
and  one  Independent  variable  (argument)  X . 
Parameters  ares  characteristics  of  powder 

- characteristic  ctf  gases 


% 

6 

8 and  ^ 


* characteristic  of  the  form  of 
powder  grain. 

- characteristic  of  the  riflings 

and  driving  band 

- characteristic e of  the  load- 

ing conditions 


X natural  way  for  reducing  number  of  parameters  is  to 
consider  several  of  them  as  constants;  for  Instance; 
if  OCy  / 9^,^  ani  6 are  constant  then  2A 
and  /[  will  be  functions  of  only  2 parameters  Q and 
and  tables  will  be  with  two  entries. 

There  is  another  way  of  reducixg  nuntoer  of  para- 
meters: it  is  possible  to  select  more  complex  variables 
and  mare  complex  parameters  but  then  the  use  of  tables 
becomes  more  complicated. 


i 

I 

I 

I 
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Chapter  2 - Tables  for  Determining  the  Principal 
Elements  of  a Firing  ( p* , , £ h , 1^9.  ) 

1.  Prof.  N.  Drosdov*s  Tables. 

These  tables  are  constructed  for  the  atrip  powders  • .th 
the  average  values  of  % * 1.06  and  * -0.06.  The 
oonstant  characteristics  are:  ( 

fifSoooo  Me  %>■  p*Ao? 

fczdoolbkt*;  fzW&x'j  Oi-fcftO.ISS-z 

acl4^  / cir* 

= tt"  " ■ 

U}  fouvm 

These  tables  are  given  at  the  end  of  book  (Appendix  2) 

a 

ih  four  parts:  Part  I for  ^0  ; Part  II  for  jr  } 

Part  III-  and  Part  IV  for  log 

These  tables  are  constructed  for  1.06  and  PX  *m-O.Oi 

Tor  the  strip  powder  having  ~ 530,000.  But 
practice  shows  that  the  7 perforation  powder  produces 
the  same  pressures  and  velocities  which  oun  be  obtained 
at  the  same  values  of  powder  charges  using  the  strip 
powder,  if  their  webs  and  will  be 

taken  related  eacu  to  the  other  as  follows: 


If  we  apply  these  tables  when  the  actual  value  of  -f 
is  not  950*000  but  , then  the  entry  B is  taken  as 


(i4s>ty 


for  finding  /£  ( and  for  finding  2j£  we 
multiply  its  tabular  value  by  . if  5^  is 


not  1.05  then  the  correction  for  will  be  a factor 


2.  Tables  of  the  Chair  of  Interior  Ballistics  of 
the  Artillery  Academy  (C.  I.  B.  ). 

These  tables  calculated  under  the  supervision  of  Prof. 

I.  Grave  in  1933  for  any  valuea  of  ^ and  (p  for  powder 
having  the  constant  burning  surface  (long  tubular  powder). 
The  calculations  were  based  on  formulas  given  by  Bianchi 
and  improved  and  developed  by  Prof.  Grave.  Ae  constant 
parameters  were  taken:  L 

9t;  /»/  C , y, */.  o;  ) - 0; 0*  o.x  ; o.o*s 

The  entries  are:/\  and  the  parameter  of  loading  condi- 

tio«  : d <* 


jH  is  given  from  2 to  0.5  or  C from  0.10  to  0.40  in 
steps  0.01  and  A from  0.10  to  0.90  in  steps  of  0.01. 
These  tables  give  and  Vj  slightly  lower  than  they 
are  obtained  from  Drosdov’s  tables.  Difference*®  which 
are  about  10#  for  ^6  and  2#  for  2%.  can  be  explained 


m 

as  results  of  difference  In  the  values  of  lb  : In 
Drosdov’s  tables  1.06,  ana  In  Tables  (C.I.B.) 

If  1.0.  Yet  this  difference  in  % accounts  for  only 
about  6J&  out  of  the  total  10JC  difference  in  . The 
remaining  4%  also  have  their  explanation  in  that  approx- 
imation introduced  by  Prof.  Grave  into  the  integration 
of  the  equation  givir^  £ as  a function  of  VC  • This 
approximation  results  in  the  higher  values  of  £ and 
lower  value 8 of  as  compared  with  <f  and  fa  in 
Droedov's  Tables. 

Ohapter  3 -Detailed  Tables  for  the  Curves  cC  Pressures 
and  Velocities. 

.1.  Tables  of  the  Artillery  Scientific  Research 
Institute  (A3RI)  (in  Russian  AH  MM)  1933. 

Tables  of  Drosdov  and  Grave  give  fa*  t # fa^  and 
'ttl  \ for  2\  we  have  to  make  additional  calculations 
because  we  need  ^ which  is  not  given  in  Tables. 

There  also  are  not  given  the  intermediate  values  of  fa 
(f  and  values  of  the  ti«~,  fc  . The  ASRI  tables 
are  the  next  step  in  the  progress  of  table  construction. 
They  are  based  on  the  same  constants  used  by  Prof, 
Drosdov  and  on  Drosdov’ s formulae  and  they  furnish  all 
necessary  data  for  the  construction  of  curves  { />  f ) , 


I 


4&5- 

( Vtt)  and  { ttf)»  They  have  three  entries;  for 
every  A varying  in  steps  of  0.01  from  0.05  to  0.95 
there  are  2 entries  of  3 aai  A**  • Parameter  3 

varies  from  0.7  to  3 and  for  A>  0.8  3 varies  from 

1.2  to  1.4;  parameter  /\  varies  from  0 to  15.  Veloci- 
ties and  times  are  given  in  provisory  units.  Hence  tab- 
ulated values  and  should  be  converted  into 

aotual  value e £huid  t by  the  following  multiplications: 

v 3 WF  «***  ^VT/o* 

(here  if  in  Utn-  ). 

These  tables  are  used  for  the  strip  powder  having  its 
* 1.06  and  &A  *-0.06,  but  the  same  conversion  faotor 
0.7  oan  be  used  in  order  to  make  these  tables  calcula- 
ted for  strip  powder  with  its  wen  applicable  to 

7 perforation  powder  with  its  web  (**L  if  we  will 
7/10 

One  important  defect  in  these  tables  was  found  and  cor- 
rected by  Prof.  Bravin  in  1935:  calculations  of  time 
for  ths  first  interval  of  A from  0 to  0.1  were  all 
wrong  almost  to  the  extent  cf  100#  on  account  of  the 

erroneous  (not  sufficiently  accurate)  evaluation  cf  the 

i ,•  i-f' 

initial  interval  of  time  L ~ "jp  . Prof.  Bravin 


gave  the  formula: 


2.  Tables  of  the  Chief  Artillery  Board  (in  Russian 
nA*Y)'  These  tables  were  published  In  1942.  Being 
similar  to  Tables  [A-HUto  thsy  are  more  convenient 
and  accurate  and  have  a larger  range  of  variations  of 
parameter  & (from  0 to  A }.  They  have  4 parts* 

Part  I - table 8 for  pressures;  Part  II  - tables  of  tab- 
ulated velocities 

Part  III-  tables  of  tabulated  times*  £>  -Jr [ . /o ^ 

or  : /0~*j/SF 

Parameter  A varies  in  steps  of  0.01  from  0.05  to  0.95 
Tables  are  oaloulatod  for;  •f  * 950,000  ^kf.'  ; ■/ 

» 1.6  • 300  ; 0*  0.2 

%*  1.06;  *-0.06 ; if  « 1< 

Part  IV  - Special  tables  for  the  ballistic  design  of 
gins. 

Chapter  4 - Tables  Based  on  the  Generalized  Formulae 
with  tbs  Reduced  Humber  of  Parana  tera  of  with  the 
Relative  Variables. 

1.  Formulae  and  Tables  due  to  Prof.  B.  Okounev. 

This  work  of  Prof.  Okounev  is  one  among  several  similar 
works  of  Russian  ballisticians  published  in  1939-1941 
in  which  in  order  to  reduce  a large  number  of  parameters 


and  to  avoid  dealing  with  the  absolute  values  of  the 
principal  elements  of  firing,  the  authors  (Profs. 
Drosdov,  Ckcunev,  Gorokhov,  Oppokov)  introduced  group- 
ing parameters  and  relative  variables.  Prof.  Okounev's 
method  has  the  following  relative  variables: 

r-  f • fo  • &);*  £/«  - h %■■&&'  l 

m 


and  generalized  parameters:^?  an  *A 

h.r«:  A.5  *J*  and  *9  1.  a parameter  used  la  Pyro- 

statics  for  calculation  of  (Part  I,  3ection  II). 

/-^Ta  /-** 

_ p- 


A 

r* 

/ 


we  havei 


The  baa<c  aquation: 


will  be  rewritten: 


Hence  we  see  that  jgj*  and  2C  are  functions  of  the 
argument  and  5 parameters  €,  %t  2())  ^ut  not  of  8 

parameters  as  we  had  before-  Prof.  Okounev  gave  tables 
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for  calculations  of  /b^  f j/sjg^and  as  functions 

ot  aa  , R~  \4T  and  X m and  tables  JST  and 

*C  as  functions  of  parameters  A.  , Z and  an  argu- 

<s  / / # 

ment  V . 

2.  Prof.  N.  Drosdovf3  method  (1941), 

As  the  relative  variable  //*  £ i»  taken.  Instead  of 

the  parameter  A another:  /-  is  used. 

A » 

Besides  this  Prof.  Brosdov  selects  two  mare  parameters: 

* ~—r~-n  ***  “-thT'Wtj 

which  are  functions  of  y!  ^ /*  and  ^ 

.Normal  values  of  these  parameters  are:  * 0.01121 

and:  * 0.01108 

The  relative  maximum  pressure  J7 ? & and  the  veloc- 


ity  2b  (during  tbs  first  period)  are  given  in  the  fol- 
lowing expressions:  . y *• 

r 

MS 

% ^ 


n l* 


/ ir 


hare : s.  and  3/  are  the  same  as  we  had 

them  before  and  : 

A.1  ipj  0+  rt-*)3  s&fjV+'ZX) 

' j} 


4 2X 


Then: 


n\  A *' 

V * py  t»;  ~ -y?}» 


The  results  obtained  by  Prof.  Drosdov  from  the  use  of 
these  parameters  and  variables  were  applied  by  him  for 
various  investigations  of  the  comparative  significance 
in  varying  certain  factors  affecting  the  value  of  yO  ; 
for  instance  he  gave  tables  showing  how  AyO,  AOLt  A%  ^ 
and  A & t.re  related  to  the  corresponding  value  of 
(these  tables  are  partly  shcsn  in  book  - p.  442-444). 

3.  Formulas  and  tables  obtained  by  Mr.  Gorokhov 
and  Mrs.  Sviridov  (1940). 

Using  parameters  and  variables  involved  in  Prof. 

Drosdov’s  solution  and  introducing  a new  parameter  ^ , 

£~P  ^nr'/ P~  jr4r'  g;  S £:Z0~rJ 

the  authors  gave  the  following  expression  for  the  trav- 
.1  Of  tiB  :,roj.otue;  ^ = Aft/, h)fr~2>, i (l p, njj+Q 

Horo;  fz  §pnfil;& *-*#*#;  8, 

NCftfi.h)  = Z OTfi) 
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For  log  'Z'(W)  are  given  tables  in 

which;  o<y<o.rt  ; o<p<o.yo;  n </4. 

Formula  for  the  pressure;  ry  - 

n - -jr-p  9-^J>f*W 

For  the  maximum  pressure  determined  by  the  for- 

ftr  ***) 

tor  fbj  special  table  is  gives. 

These  formulae  are  used  in  oases  when  conventional  con- 
stants { ot,*!' if*  fi  i&{% ) are  somewhat  deviated  from 
their  normal  values,  and  in  oases  of  composite  charges 
or  when  the  burning  cut  of  slivers  of  the  progressive 
pcwder  should  be  considered. 

Chapter  5 - General  Information  on  the  Theory  of 
Similarity, 

1.  Theoretical  fundamentals. 

Guns  are  bailie tioally  similar  when  their  curves  Kpt&) 
and  ( are  similar  - i.e.  can  be  made  identical  by 

the  appropriate  selection  of  scales.  Algebraical  ex- 
pressions ©tf  this  requirement  are  as  follows; 

f0r  Pr®ssar*  CUTVS8. 

“ for  velocity  curves. 


mula 


fhen  A is  not  the  same  in  both  guns  then  this  require- 
meat  results  in  the. necessity  that  > which  can- 

not be  realized  in  practice;  this  is  the  reason  for  con- 
sidering in  a similarity  discussion  only  cases  when  A 
is  the  same  in  both  guns.  The  following  relative  var- 
iables and  parameters  are  considered  in  theory  of  aim- 
ilarlty:  A _ . ...  f y 


. 4-4 

ii<k**S;x**3tX;  J/r-4 — -~r--  , Zft  *> 

' % T^T'  z.=^‘v  * 

A?  I-  f-  *C+#t;  ; 8,- 

Jar  two  guns  with  the  same  A their  ( [>,-{  ) curves 
and  ( V;-f ) curve  will  be  similar  if  for  the  same  value 
c t X the  values  of  ^6,  Vj  A will  be  the  same,  and  this 
result  can  be  realized  only  under  conditions  that: 

1.  The  nature  of  the  pcwder  ( jf  & ) is  the 


same. 


2.  The  form  of  the  powder  ( is  the  same. 

3.  ^ or  is  the  same. 

4..  Parameter  £3  is  the  same. 

Then  the  following  elements  will  be  identical: 

8/&;  ‘h  Af;  Aa^j  %'x; £gZ„;A,f>. 
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and  the  ourvas  { p,  A ) and  ( A ) will  be  identical, 
henoe  the  curves  ( Jbt  f ) and  ( f ) will  be  similar. 


for  these  2 guns,  during  the  whole  first  period. 
For  the  end  of  burning  ( ^ * 1)  we  will  have  the  same 

value  s V*  t fa  i A h f A I for  bo  th  guns . 


Thus  the  above  shown  results  are  only  expression  of  the 
fact  that  all  the  calculated  tables  are  nothing  but  the 
practical  application  of  the  theory  of  similarity. 

2.  Some  theorems  of  the  theory  of  similarity. 
Definitions: 

1.  Geometrically  similar  gun  barrels  are  suoh  which 
have  their  linear  dimensions  proportional  to  their  cal- 
ibers, their  cr os 8- sectional  areas  proportional  to  the 
squares  ctf  the  calibers  and  their  volumes  of  chambers 
and  canals  proportional  to  the  cubes  of  calibers. 

2.  Two  guns  having  their  weights  of  powder  charges 
and  projectiles  proportional  to  the  cubes  of  their  cali- 
bers are  called  similarly  charged  guns. 


Thaoram  1.  Tor  gaoma trio ally  similar  and  similarly 
charged  guna  thair  curras  {fit)  and  ( ) will  ba 

similar  if  the  weba  of  poadara  or  the  impulaaa  Z*  tor 
these  guns  ara  proportional  to  tbalr  e allbars.  This 
raaulw  la  dbtainabla  from  tha  equality  of  tha  para* 
ma tara  taT  thaaa  ^una . 

Tha  or  am  £.  In  similar  and  similarly  charged  guns  the 
aqual  relative  travels  /t  oorraapond  to  tha  aqual 
prasauraa  and  aqual  velocities  of  projectiles.  This 
raault  la  respect  to  prasauraa  ia  obtains  bla  from  tha 
similarity  of  praasura  curves  at  tha  sama  A and  aqual 

Co  * (a)  * 

P . Tor  similarly  ohargad  guns  pjjr  - and 

Vfa  , and  hence  V"  * It"  . 

Thaoram  3.  At  firings  from  tha  same  gin  at  tha  sama 
powder  eharga  and  at  tha  sama  tha  dbtainad  muzzla 

i te  l"1 

velocities  and  2^,  will  ba  ra la  tad  as; 

Vwf 

This  raault  ia  obtainabla  from  ££^*fg^as  it  fol- 
lows from  given  conditions  at  given  3,  A and  /ij , 
from  p * const,  and  8-/3"  wa  will  hava  : 

4*  r JS*  «.•  4?- \/gr 

tv  w 7?  y ?? 

i.a.  tha  impulses  and  will  ba  proportional  to 


♦ 4 * 


the  equare  rootwiof  ^f*and  f . 

Bat  it  should  bs  rsfflsmbsrsd  that  at  every  chains  from 
on*  gun  to  another  with  anothsr  caliber  the  web  of 
powder,  the  nature  of  the  powder,  j6  and  the  beat 
losses  are  all  ohanged  also  and  this  fact  leads  to  the 
conclusion  that  the  theorems  of  the  theory  of  similar- 
ity oan  be  admitted  only  as  certain  approximations  of 
the  real  relationships. 
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flection  X - Ballistic  Design  c f ths  Guns. 

General  Banarica. 

The  most  Important  basic  problem  of  bailistio  design 
is  to  find  all  the  constructional  data  and  loading  con- 
ditions at  which  a given  projectile  will  be  propelled 
with  a desired  muzzle  velocity  at  the  maximum  pressure 
not  exceeding  a given  limit.  The  constructional  data 
ooneiste  of;  Chamber  volume  j cross-section  of 
bore  S | length  of  travel  along  the  bore  Cj,  i length  of 
chamber  (considering  its  i^dening  90  ) j tha  number  of 

T0lu».  of  axpaaalon;  A,=  S U.  total  loogth  of 

oanal  , and  the  volume  of  the  canals 

oS{  Tilt  loading  oondltlona  -ra;  tba  ralativa 

< OJ  A * 

weight  or  charge  ^ of  a given  sort  of  powder 

i } density  af  loading  A » dimensions  and  form  of 

v*  *• 

powder  grains}  the  impulse  . The  curves 

( fy,  t ),  ( It,  4 ),  [ jO,  t ) and  { V]t)  present  the  in- 
itial basic  material  for  the  further  calculations  of  de- 

4 

signers;  the  mechanical  designer,  the  ammunition  design- 
er, powder  engineer  and  technologists  all  start  thsir 
work  with  these  basio  curves.  Thus  the  rational  ballis- 
tic design  of  the  gun  barrel  io  the  true  basis  of  the 
design  o'"  tha  whole  artillery,  system,  and  the  ’.agree  of 


i 

S’*  I 


•rationality*  of  the  ballistic  Assign  is  conditioned  by 
tbs  ooaplatanasa  of  studying  of  all  the  relationships 
between  the  pressure,  velocity  and  travel  of  the  projec- 
tile. Tbs  problem  of  ballistic  design  always  has  a 
plurality  of  solutions  or  determinations  of  construc- 
tional details  whioh  may  be  used  for  producing  a desired 
muzzle  velooity  for  a given  projectile.  Also  the  ration- 
al  method  of  design  is  supposed  to  give  the  maximum 
number  of  variants  with  the  proper  criteria  of  their 
appraisals.  It  Should  be  remembered,  however,  that  not 
only  ballistic  factors  and  relationships  are  to  be  taken 
into  consideration;  there  are  other  additional  criteria 
derived  from  the  technico- tactical  requir amenta  oloaely 
oonneoted  with  every  given  type  of  a designed  gun.  Very 
often  there  are  also  additional  requirements  concerning 
the  weight  cf  a gun  or  weight  of  the  whole  system,  the 
total  length ^of  a gun,  or  the  maximum  of  energy  deliver- 
ed ft**; 

l.e.  the  gun  power.  The  effective  skill 
of  the  artillery  constructor  is  displayed  in  hit-  ability 
to  produoe  a design  which  is  rational  from  the  ballistic 
viewpoint  and  satisfies  at  the  same  time  the  technico- 
tacticax  requirements.  The  rational'  methods  of  ballis- 
tic design  must  show  the  shortest  way  to  the  proper 


■•lection  of  on*  variant  among  all  investigated  variants 
of  the  desired  system.  General  trends  of  varying  para- 
meters most  be  woll  known  and  clearly  understood.  The 
qualitative  evaluations  cf  the  service  effectiveness  and 
expediency  of  a designed  system  are  supplemented  by  the 
quantitative  rsla tienships  specified  by  the  calculations. 

The  principal  relationships  between  the  oenstruotion- 
al  data  cf  a gun  and  the  loading  conditions  are  the  sub- 
ject of  the  "Theoretical  Fundamentals  cf  the  Ballistic 
Design  of  the  Gun?. 

The  establishment  of  such  general  relationships  nec- 
essary for  ballistic  design  involves  the  construction  of 
aertain  auxiliary  tables  and  the  use  of  several  functions 
whioh  can  be  derived  from  the  basic  tables  given  by 
Prof.  N.  F.  Drosdov  as  well  as  cf  'tables  cf  ASRI  and 
Chief  Artillery  Board.  Such  tables  oan  be  used  not  only 
for  atrip  powders  with  j-  * 950/000  kg. dm/kg  but  also 
for  other  powders  and  even  for  composite  charges  of  the 
two  different  types.  All  the  principal  assumptions  of 
Pyrodynamiee  (geometric  law  of  burning)/  the  law  cf  the 
rate  of  burning  ( U*U,  p),  the  average  pressure  behind 
tbs  projectile,  etc.  are  taken  Into  account  in  all 


theoretical  discussions  of  ballistic  desigp.  Her*  ia 
presented  a list  of  several  author  a and  thair  work  in 
this  field. 


Prof.  K.  Droador  (1910-1948)  has  paved  the  way  for 
bailie  tie  deaign  and  hae  laid  the  foundation  for  the 
Bus  elan  School  principally  in  the  direction  of  the 
aearoh  for  the  optimum  gin  which  producee  the  maximum 


l^‘) 


at  a given  length  of  a gun  and  a maximum  pres- 
sure. The  french  school  defines  the  optimum  gun  aa  a 

at  its  maxi- 


gun with  the  maximum  total  work: 
mum. 


Prof.  J.  Grave  (1934-1937)  in  hi#  course  cm  Pyro- 
dynamica  gave  a very  oomplete  exposition  of  the  theory 
of  ballistic  design  with  his  own  original  researches  in 
this  field. 


Prof.  ?.  Sloukhotzky  (1934-1942)  has  made  for  the 
first  time  an  investigation  of  the  problem  of  the  life 
of  a gun  bore.  Under  his  supervision  have  be^n  published 
the  Tables  of  the  Chief  Artillery  Board  (CAB)  Taoies, 
with  his  own  Tables  of  ballistic  design. 

Pro t,  B.  Okounev  (1939)  has  made  an  analysis  of  the 
comparative  effects  of  various  parameters  on  the 
"prcfluc  tivit?''®  of  an  artillery  system,  constructed  series 
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cf  special  tables  and  gave  general  principles  for  a ra- 
tional selection  of  the  best  ballistic  design. 

Prof.  D.  Ventzel  (1939-1946)  gave  the  theory  cf  the 
ballistic  design  of  email  arme  with  special  tables. 

Docent  II.  Gorokhov  (1940-1945)  has  published  several 
•peoial  researches  with  tables  and  diagrams  on  tha  gen- 
eral theory  cf  ballistic  design. 

Prof.  X.  Serebryakov  in  1940  has  proposed  a gen- 
eral concept  of  ftte  eoonoaio  loading  conditions*  and 
gave  a theory  of  *the  gun  with  its  minimum  volume?  whioh 
has  marked  advantages  in  comparison  with  the  Trench  *gun 
of  maximum  power*.  1 more  general  approach  is  given  in 
a apodal  "Directive  Diagram?  which  is  used  for  the  sel- 
ection of  the  required  variant.  (See  Section  X*  Chapter  3). 
Chapter  1 - Initial  data. 

1.  Ballistic  Oharaoterietice  of  a Cun. 

There  are  3 groups  of  ballistic  characteristics  of 
a gun; 

1.  Construction  characteristics  of  the  gun  canal. 

Z*  Characteristics  of  the  loading  conditions  and 

3.  Energetic  characteristics  of  the  firing. 


Constructional  Characteristics  of  tha  Canal. 


1.  Chamber  to  lam  par  unit  of  weight  of  tha  projectile 

.y/  . 

C 4 / a very  important  factor  affaoting  ££.  . Tha 
ranga  of  variation  of  i * from  0.1  to  2.0.  Sometime 

anothar  ratio  (^[)  varying  from  1.6  to  33,0  is  also 
uaad. 

2.  lengths  of  tha  barral  and  of  tha  canal  expressed  in 
oalibara  ) and  (£*)  . For  high  nuzzla  velocity 

C%-  l$o oArJ  thaaa  relative  lengths  can  be  aa  high  aa 


ISO  or  still  higher. 

3.  Tbs  nuafcar  of  tha  expansion  volumes  ^ 3 --£* 

or  tha  reUigive  travel  of  a projectile  in  terms  cf  tha 
affaotiva  length  of  tha  chamber  . This  characteris- 
tic is  moat  important  determining  the  vary  type  of  a gun. 
In  noder  gun*  A*  varies  from  3.0  to  10*  in  very  pow- 
erful guns  in  automatic  guns  with  small  cham- 

bers \y*2ml0  . 

4.  Tha  characteristic  cf  the  depth  of  rifling  Slf  is 
determined  frwms  $ a f%g  cL*;  cut  £^0*01  U f fl^C'  So 

*t  t„*o.oxct , n$*0't 3 

{ is  the  depth  of  rifling) 

5.  Tha  coefficient  of  the  widening  (or  of  the  bottle- 

es/  „ £0  v / 

ness),  of  chamber  is  A*'"  7 1 , This  coefficient  in 
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guns  varies  from  1.05  to  3.0;  in  small  stub  % may  be 
as  high  as  4.0. 

B.  Characteristics  of  the  Loading  Conditional 

6.  The  density  of  loading  A5^*  varies  within  a very 
wide  range.  In  small  arms  A * 0.80-0.95;  in  very  pow- 
erful guns  A * 0.65-0.78;  in  ordinary  guns  A * 0.55- 
-0.70;  in  howitzers  {full  charge} A 3 0.45-0.60#  in  how- 
itzers (reduced  charges)  A 3 ,;0|^LO*O.35{  in  minethrower# 
A 3 0.03-0.12.  As  a rule  A is  increased  with  increases 


in  and  2^  . 

7.  The  relative  weight  of  a charge  (?)  largely  effect- 
ing the  velocity  of  a projectile  as  well  as  the  wor); 

producing  the  mafifment  of  the  charge  gases#  varies  from 

\ 

0.01  to  1.5. 

8,  The  coefficient  of  the  weight  of  a projectile  CL  * 

£ * 

w primarily  uffects  the  velocity  of  a proje  ct  1*„ 

At  a given  velocity  the  values  >(~£) 

and  fjj^/are  all  proportional  to  i to*  smallsr  Cj 
the  smaller  ie  the  web  ctf  a powder  at  the  same  optimum 
pressure  h . 

• fh 

For-  armor -piercing  shells;  /<£-/#  /*♦*• 

for  high-explosive  shells;  Cq  - wi. 

* 

for  armor-piercing  shells  with  core;  %»s 


for  bulla ta  (light}!  Cf  s ZO-JtA 
for  bulla  ta  (haavy  with  cora); 

9*  Tha  ralativa  impulsa  (in  calibara)  (~£) 


is  charac- 


teristic of  tha  gun  power  and  of  tha  conformity  of  tha 
nab  of  powder  with  tha  ealibar^*^-  j hara  «?f,is  a^ab^ 

« V-t,'v'Sfo~7oo  %,  / £*  ? Sic- /poo  ( ) 

In  mall  arma  at  / ~£j-z  3000  in  the 


anti-tank  riflaa 


Q'sSooo 


10.  Tha  loaditg  parametar^yji-^~*.is  a coobinaticm  of 


y 

^ and  ^ and  is  tha  baaio  characteristic  affecting 
tha  valua  of  P and  , The  normal  ranga  of  variation 
for  3 18  from  1. 9-2.0.  It  ia  vary  convaniant  to  writ a 
3 in  auoh  a way  that  will  show  tha  ralativa  (not 
absolute)  valuaa  of  tha  saparata  factora  of  loading  con- 


ditional for  azamplas 


nU'i;*~7*i(£)1  _ f*U£/ 

° ~ * M W 

hara  a a function  or  ( ^jrj 

Here  (oTJ  aff80t8  bha  valua  of  ^ and  (^without  a 
marked  changa  in  . Tha  ratios  (V  and  C i affact 
largaly  ?/$,  and  tk&ir  influanca  on  ^ can  be  compen- 
sated by  ths  corresponding  changa  in  (if)  ■ 


Or) 


C.  Tii«  Energetic  Characteristics 


Cl 

e *T"'r*  # 

Normally  ^ varies  between  100  to  1700  ( ) 

12.  Tb*  coefficient  of  the  utilization  of  the  unit  of 
the  weight  of  charg*  .*  ^ * 

i _ £>._  £_»>*_  (J5lL  f^fj 
t-  «'*&>  ' 7?T^  v / 

Tor  guns  of  medium  powers  b^.  * 120-140 
Tor  very  high  Vj,  s ^ * 30-  80 

Tor  small  arms;  but  * 100-110 

Tor  howitzers  (full  oharge):  but  * 140-160 


13.  The  efficiency  of  the  power  charge;  JTs  Tr&zb-  “V 

3.  fU>  Cut  f 

varies  from  0.20  to  0.30. 

14.  The  characteristic  of  the  location  cf  projectile 
at  the  end  of  burnings  ^,5 

Tor  guns:  ^ = 0.50-0.70 

Tor  howitzers:  h = 0.25-0.30  (full  charges) 

15.  The  characteristic  of  the  utilization  cf  the  work- 
ing volume  (bore)  of  the  cjun  can&l  l 

/>  &*.  Vr*  W _ Vrnlti 

‘IT2  ITOf 

here:^  W*A). 

With  the  increased  A)  from  3 to  10,  ^ normally  is 


decreased  from  0.70  to  0.40 


i98 

16.  The  cnaracteriotiu  of  the  utilization  o?  the  entire 

volume  of  the  gun  oanal  We  : , 

„ 9£,.  VtVy 

h.r.  ) Vc*W.0*Arf9S(f,*t,.) 

p L /ll. 

or;  K 5 n 7w , . 

17.  The  safe  nunfoer  of  firings,  /f  > which  a gun  oan 
stand  ia  given  by  Prof.  V.  Sloukhotzky  (1841): 


/Y=  *,*.*,$ 


OU+Q 

Lh‘[4%a($[ 


Here;  - factor  depending  on  caliber;  f(  factor 
depending  on  the  pitch  of  rifling \ # -the  coefficient 
varying  with  the  depth  ^ of  rifling,  Q - dimeter 
of  the  driving  band;  oL  -caliber;  B -thickness  of  the 
working  layer  ar  the  bore;  -temperature  of  the 

burning  C*;  -toughness  of  the  metal  of  the  bor6; 

- an  average  velocity  of  the  gaseB  in  the  nozzle 
of  the  chamber  during  the  travel  of  the  projectile  in 
the  bore;  -an  average  velocity  of  gases  in  the 

nozzle  of  the  chamber  during  the  "after-effect*  pariod. 
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/£  - engraving  preaeurcw  The  valuta  of  J)0  and  oL 
art  in  ,*  fa  / lU‘t//Ste.  j Af^is  given  as  a 

function  of  the  caliber  oL  : 

d i 50;  100;  150;  200;  250;  300;  A^sl.O^al.O 

Kjtf-.  15.80  7.10;  3.40;  2.00;  1.96;  1.93; 

{/o'  is  1.28  for  guns;  and  1,40  for  small  arms. 

The  ratio  (W  la  too  small  in  comparison  with^^  (V 
The  ratio (Jq~)  is  given  in  the  following  table  ae  a 

fU notion  c«f  A i and  %„  and  3 Tp 

ff  ft  •'•jt 

here,  ^5  ^+A7iJV 

i"no,i  ^=$7^??  = J7i$3 

2.  Collection  and  Calculation  of  the  Preliminary  Data 


Having  as  given  caliber  oi  , weight  of  projectile  ^ 
and  Vf.  > the  preliminary  data  are  collected  from  the 
information  related  to  the  similar  gins;  ei;  IY0  ; S;  Ce; 

-A*  J J ^r;  ~r;  ft  r 
characteristics  cf  powder ( fi  «/,<>  ) its  dimensions 
and  form;  U)  J /fa  J V$. 

In  tables  usually  is  given  ^ length  cf  the 

rifled  bore,  then:-  4"  £*fl?(os*!o)iL  ; 0.5  - for  the 
old  projectiles,  A#0  for  the  new  projectiles. 


0.120  0.105  0.095  0.088  0.083  0.078 
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Using  these  date  by  calculations  the  following,  character- 
istic, found:*;  * ; *»f7£ 

£>  $ if.  £i.  - a4a  L „ 4a^ „ <fim.v£  l <?.* 

n.-  Ji 7T--ct 

5.  Selection  of  the  Ballistic  Criteria  for  the  Compara- 
tive Evaluation  of  Variants. 

from  given  data  we  know  only  Cy  and  Cg  ; the  rest 
of  characteristics  will  he  found  in  the  calculation  of 
variants.  The  most  Important  characteristics  are  the 
following:  ; % - tyfa'X'  J.fc 

h - %:  £*“  £j  i/y 

When  selecting  variants  it  is  advisable  to  take  those, 
which  have  the  largest  possible  ^ /^  with  and 
ft  within  0.60  - 0,70;  such  a choice  leads  to  more 
tconomical  utilization  of  tha  charge  with  tha  smaller 
(^~)  and  with  thi  greater  A?  (for  increasing  N). 
But  larger  and  X*  result  in  gettii^  smaller  ^ . 
There  are  several  approaches  for  finding  certain  com- 
promises, conciliating  thin  contradiction.  For  example, 
Prof.  B.  Okounev  (1939)  suggested  taking  the  value  of 
//xz  ylT'fyi  as  the  characteristic  of  an  advantageous 


variant , 


456 


wW  __  /.  C-£ 

' s ■ I'alJT"  - 9..J  *T  , 


Here  f - , this  being 

• » . ^ 2*. 
not  affected  by  a*  has  its  maxima  value  at  j£'  * 

*il>. 

?0.52.  Prof.  Okounev  suggests  for  small  arms  r j>0.52 
(0.55-0.56)  and  for  guns  of  high  power;  0.52(0.48- 
0.50).  Prof.  1.  Grave  as  a further  development  of 

/r«4<-  .i  . 

Prof.  Okounev'a  idea  recommends.  #swT(4tf 
(without  giving  values  of  m and  n) 


Prof.  M.  Serebryakov  found  that  gives 

better  results  with  jf  varying  from  0 to  1.5.  The 
exponent  or  H'  somehow  depends  on  the  type  of  a 

gun  and  thus  reflects  to  a certain  extent  the  influence 
of  teohnioo-taotical  requirements.  Prof.  Sloukhotzky 
found  that  very  good  results  are  obtained  using  as  the 
criterion  for  the  usefulness  of  a selected  variant  the 
v«lu.  of: 


This  criterion  takes  into  account  not  only  the  ballistic 

requirements  Dut  constructional  and  economical  ones  as 

L tW  / 

well.  The  constructional  faotor  is;  y^s,  ( Ayis 

the  length  of  th®  whole  barrel  of  a gun).  The  economi- 
cal factor  is;  N.  But  it  should  be  admitted  that  this 
question  of  the  most  reliable  combined  criterion  still 
is  in  the  phase  of  a preliminary  accumulation  of 


5' 


experimental  data  and  numerous  rasaarchaa,  The  verv 
selection  of  the  Initial  variants  Is  usually  made  by 
using  special  graphs  cr  Tables.  One  of  the  most  usable 
graphs  is  given  in  the  Fig.  157. 


Fig,  157  - Tbs  principal  ballistic  characteristics. 


The  following  character  1st  ice  are  given  in  Pig.  157  as 


functions  of  the  relative  length  of  the  whole  barrel 
( ) * The  coefficients;  r c*r% 

and  jb  . The  coefficient  of  the  utilization  of  the 
oharge  . X marked  advantage  of  this  graph 

is  in  its  independence  of  gun  calibers.  The  horizontal 
( jjf  ) - axis  is  marked  in  accordance  with  the  cor- 
responding lengths  of  various  types  of  guns: 

^ £&/0-  mortars. 


7?  %is ' h0"itz,r*- 

4^  - field  guns . 

2iy,  4?  - naval  guns. 

IT  ^6o 

4 i>/oc  - long  distance  guns. 

ar  */*o 


This  graph  was  devised  by  the  engineer  N.  Oupornikov  for 

guns  manufactured  by  the  Shneider  Creuzot  C*  (1930) 

Prof.  Sloukhotzky  (1931)  gave  the  following  Table 

in  which  the  characteristics  ^ ; fa  ■ /Or 

are 'presented  as  functions  of  C x ■ The  Table  pre- 

£ mT 

sen  ted  here  is  a considerably  improved  and  enlarged 
variant  of  the  original  Table  of  1934. 
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Prof.  31oukhotzky»a  Tablt 


Ct 

imJm  tC 

IS? 

£»■/»>. 

yp 

ft* 

& 

A 

& 

>Tt 

& 

100 

124 

1700 

0.50 

1.02 

14 

200 

120 

1950 

0.55 

1.09 

23 

300 

117 

2200 

0.59 

1.18 

31 

400 

114 

2400 

0.62 

1.28 

38 

300 

112 

2600 

0.64 

1.39 

44 

600 

110 

2800 

0.66 

1.50 

51 

700 

108 

2950 

0.67 

1.61 

57 

800 

107 

3100 

0*68 

1*73 

64 

000 

106 

3250 

0.69 

1.85 

71 

1000 

105 

3350 

0.69 

1.98 

78 

1100 

104 

3450 

0.70 

2.11 

85 

1200 

104 

3550 

0.71 

2.25 

91 

1300 

103 

3650 

0.71 

2.40 

98 

1400 

103 

3750 

0.72 

2.57 

105 

1500 

102 

3900 

0.73 

2.75 

112 

1600 

102 

4000 

0.74 

2.95 

119 

Chapter  2 - Theoretical  Fundamentals  of  Ballistic 
Design  (1841) 

1.  The  most  advantageous  and  economical  densities  of 
loading  at  a given  maximum  pressure  jb  . 

At  a given  ^r'  and  /O  the  weight  of  oharge  CO 

and  the  web  (2*t)  can  be  varied  with  ^ preserving 
its  given  value;  then  the  mizzle  velocity  *1$  will  also 
vary  and  a systematical  tracing  of  these  variations  of 
/V)>  reveals  some  important  relationships  between  4.  , 
2^  j 7^  and  A . The  minimum  of  A 3 A,  at 
which  we  may  obtain  a given  p will  be  at  the  in&tan- 
taneous  burning  of  powder  in  the  chamber  before  the  be- 
ginning of  the  projectile’s  travel,  then; 


At 


OCA, 


or 


Ar 


and 


0tS  (A),  = j 

. 

Now  keeping  ^ constant  we  will  increase  CtJ  and  the 
parame  t«r  g = 5= 

where  (see  formula  74) 

'/h 


4?, 

~ xr,  • • • 


7= 

oca> 


i76) 


then  we  will  have; 
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ter.  K = 

* S' 

L i.  increased  whan  CO  Is  increased,  hence  <J, 
must  be  increased.  With  these  increases  in  CO  and  i 
the  value  (see  (60)) 

will  be  decreased  ( will  bo  closer  to  the  beginning 
of  motion)  and  the  end  of  burning  ( ) will  approach 

the  nu?zle*  and  at  certain  value  of  A . will  be 

p ' * 

equal  to  C).  (the  end  of  burning  will  be  exactly  at 

the  muzzle).  On  further  increases  in  A and  £H  we 
will  have  Incomplete  burning  and  2Jj  will  be  de- 
creased. The  experiments  and  calculations  show  that  at 
this  increase  in  A from  A,  to  A $ the  muzzle  vel- 
ocity will  pa 88  through  its  maximum  (as  is 

shown  in  Fig.  158). 


Fig.  158  as  a function  cf  A at  the  constanty^ 
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Thus  at  j and  and 

is  such  dsnaity  of  loading  at  which  for  a given  powder, 
at  given  fi  the  muzzle  velocity  will  be  at  its  maximum. 
This  density  of  loading  Am  is  called  the  most  advan- 
tageous density  of  loading.  The  difference  (2£j* 
is  small  enough  (0.5-2$)  and  the  French  School  of  ballia- 
tioians  for  a long  time  considered  as  the  maximum 
when  the  end  of  burning  was  reached  at  tbs  muzzle. 
Therefore  i^and  A^are  loc8t*d  between  (1%  , &i) 
and  a certain  pair  whioh  has  and 

4f<&i  can  be  determined.  This  density  of  loading 
is  called  the  economical  density  of  loading.  The 
end.  of:  burning  with  will  be  earlier  than  at 

or  &£  . is  considerably  (5$  or  10$)  smaller 

than  Ay  . In  the  following  Table  16  calculated  for 


A 


ft  -A  and  A = 2500  we  find  the  characteristics 


Ol  V 


L - & • % .Ar£J  • As 
7*  el  * A#  w * n,  fa 

calculated  for  various  A among  which  are  taken  ; 


/\m  and 
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Tabli  16 


6.0  fa  = 2500 


A, 

...  — ■ 

A* 

a. 

A* 

A, 

0.21 

0.55 

0.65 

0.70 

0.75 

t"  $ 0 

0.30 

0.55 

0.7B 

1.00 

2$,=  425 

613 

644 

648 

644 

1*  t’178 

130 

121 

114 

• 105 

^Jkc.277 

0.582 

0.643 

0.650 

0.643 

Practically  the  economical  density  of  loading  A<  should 
b«  oonaidarad  as  th«  most  advantageous  density  of  load- 
ing, The  densities  Am . ^ and  are  functions 

of  A ^ and  fa  for  a given  form  c£  powder.  The  fol- 
lowing Tables  17,  18,  19  show  how  At  . A-  and 
parameter  3 are  all  increased  with  /[*  and  . 

These  Tables  are  calculated  for  the  following  character- 
istics. % = 1.06;  = -0.06;  <?  = 1.05; 

f = 950  ;>  000  ; OC  = 0.98  ; = 1.6; 

0 = 0.8  ; fa  * 300 


0.653  0.705  0.74?  j 01782  0.822  0.854  0.883 


IflflUi 

looaoadca1.  Danaitlan  of  Loading 

j-inat anUnaous  burning;  -tha  swat  *dvantagaou»  danaity  of  loading  (ndni- 

• ofVo). 


1W0  2000 


2400 

2600 

2800 

3000 

3200 

3400 

3600  1 

0.52 

0.55 

0.56 

0.62 

0.65 

0.66 

.. . ......... 

0.71 

0.50 

0.62 

0.65 

0.66 

0.71 

0.74 

0.76 

0.65 

0.66 

0.70 

0.73 

0.75 

0.78 

liWUiH 

0.65 

0.69 

0.72 

0.75 

0.78 

0.60 

0.62 

0.67 

0.70 

0.73 

0.76 

0.79 

0.61 

0.64 

0,66 

0-72 

0.75 

0.76 

0.80 

0.63 

0.66 

0.70 

0.73 

0.76 

0.79 

VK'M 

0.84 

0.87 

0.72 

0.75 

0.79 

0,61 

0.84 

0.86 

0.68 

i-iMf-iMW'UMf ' y\ w»w*  t'*  ra;*i  , 

j ***>■  ifKvm  raem  ^Kmmm\ 


2200 

2400 

2600 

2800 

3000 

1.46 

1.49 

1.50 

1.51 

1.56 

1.78 

1.80 

1.83 

1.84 

1.85 

2,00 

2.03 

2.05 

2.06 

2.07 

2,12 

2.14 

2.’5 

2.17 

2.19 

2.24 

2.24 

2,24 

2.2:5 

2.26 

2.30 

2.31 

2.33 

2.35 

2.37 

2.40 

2.42 

2.44 

2.46 

2.48 

2.54 

2.57 

2.60 

2.62 

2.64 

2.68 

2.70 

2.72 

2.74 

2.80 

2.  The  Prise  ipal  Relationships  and  Graphs  for  the 
Constructional  Elements  of  the  Qua  Canal 
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The  initial  formula  is  the  formula  for  velocity  during 
the  second  period  beoause  it  was  already  shown  that  the 
best  utilization  of  the  volume  of  canal  i wc  ) and  of 
the  weight  of  the  charge  is  obtained  when  the  burning  of 
powder  is  ended  within  .the  bore  i„e.  when  - 


17. 


0.7. 


from  (24)  (See  Part  II)  we  have; 

¥«-*$... 


(119) 


Here 


: ?>*-  .a  a & to. i*. 

HU*  'A*~  ^ •'V  71' w- 

Denot ing ; ^ s WJ  • /*/  r ^O-Z*)  » iffajj 

- *4 
" *0 

W s Wo  I w‘ ~ -!■  + o<  a1 
"c  r °L  r -“/  • « 


and  solving  (119)  with  respect  to  we  will 


have: 


"1/  ‘ ' “ * • (120) 
For  the  "soIues  n£, 


or: 


4-  cItfiS**-']  ■ 


‘ ‘ • (121) 
For  the  total 
length  of  travel  of 
the  projectile. 
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/4k  and  8 


From  Prof.  Drosdov’s  Tables  we  have  that 
are  affected  only  by  A and  y6  , hence:  £(/+* 

how  v'-  %Vg  - s.  tl « (gi£12 

is  a function  only  and  f ■?»  ^ (constant 

at  given  ) 

At  f = 950,000;  & * 0.2;  £ 

- wri *,•■*#■* ysr?; 


•Cm. 

98.1 


fhen  (120)  will 


given  £ the  volume  18  also  a 

A and  ^ . Now 

insert  the  relative 


function  only  of  two  variables 
instead  of  ~~M  /tV*' 


(-^ ) and  we  can 


lengths  of  the  whole  oanal  (&  and  of  the  length  of 
the  chamber  in  calibers.  The  effective  length  of 

oanal  r C9  and  M£»  S/.'c  / W9  * S £ 


Thin  (122)  will  be: 


^ - 


i'PP 


^ + J. 


y 


,.(123) 


rVo  _ **•  > wm  i”  v* 

H.r.=/--  j-f - f ' 3*  * £* . • f 

is  a function  of  £ and  ( Q) 

The  factual  length  of  the  canal:/  a ^ C* 

*-«  « * 70  ' 
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denoting:  /la/-  Tg-/“  ~ -gr* 

h,nMi  4s  £ ^,<-4= <^r#  §><-  £(/-i) 

0*3)  -m  b.:  £.’*  «*.*'] 


Then 


(124) 


and 


5“°  «r 


L(t-r)+  -1 


(123) 


Now  a general  conclusion  is,  that  at  givsn  ci}  <£,  2£ 

(as  always  is  in  ths  caas  of  ballistic  dtaign)  all  ths 
constructional  slsosnts  of  ths  gun  oanal,  namsly  - ths 
who Is  volume  K , “•  working  part  «S.  } ohambsr 

volums  and  actual  canal  lsngth  Z.c  (considsring  ths 
widsniig  of  a chambsr)  - all  thea*  elements  ars  functions 
only  of  2 vari&blsa  (loading  conditions);  A and  (t>  ■ 
This  rssult  means,  that  if  ws  will  consider  three  oo- 

Z^l 

A and  jjjr*  , then  the  coordinate 
can  be  assigned  as  one  of  ths  following  var- 


H(AV 


iables 


and  in  each  sase  we  will  have  an  equation  of  a certain 
surface.  The  analyses  of  all  these  cases  shows  that  at 
given  Lh  and  k>  all  these  surfaces,  except  in  case 

* /m  w j 

of  the  surface  ffarfjj&w  asymmetric  surfaces 

(hammocks)  having  t air  convezitiss  turned  down. 
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(a««  fig.  159).  Their  lowest  points  correaponl  to  tha 

minimum  valuea  of  We  # Lc  , mentioning  only  tha 

mr  t important  alamants  of  tha  rational  design  of  a gun. 

Wo  I (c*t\ 

Tha  a impla at  aurfaoa  ia;  If 


\>i*con»i 


const 


Figure  159 
a»b»cfdT  - surface; 
abed-  surfaca; 


Wo  i /to  i 
^ 3 A ( SL  / 


• • hammock 
an  asymmetric 
hyperbolic  chute 
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Coordinate  A varies  from  A,  (instantaneous  burning) 
to  A^  (the  burning  at  the  muzzle);  coordinate 
is  shown  at  0.3;  0.8;  1.0;  1.2. 

Purely  geomstrical  interpretations  of  the  results  of 
intersections  of  the  surfaoes:  ^ ~ and 

with  the  planes  parallel  to  the 
plane  or  parallel  to  the  plane^  a.%)  - being 

translated  into  terms  of  volume s and  , density 

of  loading  A , and  relative  weight  (%£)  will  contain 
important  information  ooncerniig  the  relationships  be- 
tween these  elements*  especially  when  there  are  involved 
particular  oases  of  determining  the  minimums  of  or 
of  or  oases  requiring  the  preservation  of  the  con- 
stant values  of  K or  we . Schematically  these  de- 
tails are  shown  in  Fig.  159  and  Fig.  160  (case  of  = 
■constant) 
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Vi  r 4J0M*  Pm  m 04  net 


?ig.  160  Relationship  between  Wc  and  W0  a 
functions  of  ££•  and  a at  We  « 


Const,, 
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DIET 


Loading  condition* 


for  a Gun  of  Minimum  Volume  - 


(wi  L, 


A.  Determining  A**.  at  vfaieh  K is  minimum  (at  the 

constant  ^ or  T*  ). 

formula  (120)  being  written  in  its  complete  form  is; 


- <4 . 4. 
T ~ V a 


' /i  ,?i  J * ’ 

Wr  j- 


(1S6) 


To  find  tbn  minimum  Wc  (we  do  not  knew  the  analytical 
express  ions  of  AK  and  $ in  terms  of  A ) we  should 
take  a certain  oonatant  (f)  and  a aeries  of  various  £ 
(planes  parallel  to  the  plane  (2.?)  and  thus  consider 

the  obtained  sections  of  the  surface  |A£  . Then  we 

a CO 

take  a constant  and  a series  of  various  jr  (planes 

parallel  to  the  plane  a,*))  . The  analytical  solu- 
tion is  possible  for  the  case  ^ = Const,  and  -0 

(a  powder  with  constant  surfaoe  of  burning)  then  (126) 


will  be: 


tV.  /ij  t / ( . 

f = 


ij... 


(127) 


At  the  constant  b ; ft-  - ..fg.  • 

ho  re:  # 3 at  0=  0.2 

%(&)=  0.33 


fa 


I 


Introducing  a new  variable : y - - OC  and  denoting 


Ts  « <*" 


we  will  have i 


%a$  • Fw[(hW  * ws) 

Sinca  SjLZ  ip  la  independent  of  A and  'V  we  oan 

r®  ^ ' 

now  differentiate  with  respect  to  and  make 


this  derivative  equal  to  zero* 


„ ^tf/FCT0 

hare;  f corresponds  to  - the  most  advanta- 
geoue  density  of  loading. 

Hanoe: 

'-T-  a» 

“4!  4..=  ; a“ot^'fW:i(|j)^ 


at  0 = 0.2 
We  have  finally; 


0.192 


^ (the  most  advantageous  •■- — — 


d+fim  «*n*i 


We  8a a that  A is  independent  of  jr  and  is  in- 
creased  when  w§  taka  a higher  ; tnis  A^ffloorres~ 

ponds  to  the  minimum  at  any  value  of  - we 

call  this  ~ the  most  advantageous  density  of 


loading. 
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The  following  table  shows  how  Amtkin  affected  by  the 
value  of  ft* 

£ = 2000;  2400;  2800;  3200;  3600;  4000 


0.53;  0.60;  0.66;  0.71;  0.76;  0.81 


torJO  = 1.06 


At  %» * 1.00  the  above  values  of  ^ will  be  increased 
at  0.02.  There  ie  also  an  empirical  formula  for  ^ 


US 


^..= y - 


i 


Okj 

emy 


S7oo 

n X 

Inserted  into  /O  ~ 5 jfg  * 


Const.  Therefore  the  minimum  cf  w6  at  any  given  ft 
and  corresponding  value  of  is  always  obtained  at 

the  same  oonstant  value  cf  3 which  at  0 ■ 0.2  and 
)£  * 0 will  be; 

. a M.  _ 

In  Prof.  Droedov's  Tables  at  ^ = P 0£>  'SnfCfc  1.91-1.93 

P.  The  Moat  Bfflcient  Helatlve  Charge  ilf)  at  whioh 

the  Canal  Volume  JL  is  Minimum  ( A = Oonstant) 

If  we  take  a aeries  of  constant  values  of  A (planes 

/ JVe  ) 

parallel  to  the  plan  ^ we  can  find  the  condi- 

tions and  value  of  ) at  vhich  K will  be  a iiiinimum. 
Now  in  (126)  we  have  = constant  and 

\i 


K- (A  ft-**) 


I-  5 r-  &***■ 
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Instead  of  (ij?)  a new  variable  is  taken: 

V <pr  - . £%1  /c  ■ pi1 

(p  iff  -K”  Cfj  "V  SJf 

Hence:  fM* 

4 " r-  i n ^ 


Hence : 


then  (126)  will  be 


tvc_  x . [—*— t -f  J (1 

•?-  * T^ufry*  J 

Differentiating  with  respect  to  /*/and  equating  to 
zero  we  have : / ^ t r-€/<v  ocA  _ n 

(h  rf  T<  + k " Q 


..  (126* ) 


zero  we  have: 


f?P' 

or  for  minimum  of  wc  ■■ 

/ T-~ 


The  left 


/ / PAv  f D<  ^ /V  > 

fc  part  is  a function  of  # and  velocity  2*5 


(given  value).  The  right  part  "^T  is  given  (2^-const. , 

fa  is  given)  thus  the  equation  has  a certain  solution 

» 

f , at  which  ( will  be  at  its  minimum.  Exactly 
in  the  same  way  we  will  find  the  following  equations  for 
Y**  producing  the  minimum  of  and  the  minimum  of 
- Thus  we  will  havy  the  following  two  equations; 

//,)  : 4 - CzIQl. t — , - xa-h' 

1 *'««•  e (/-r'M  ' (py*'  ~£~---<12S> 

I /)  \ I t*~  & -Vv  ■ _ a - / 

$ ’ (7-^''  = “TT*  ■ • ■ ( J*»> 


478 


X special  nomogram  (Fig.  161)  gives  solutions  of  e- 


quations  (127),  (128)  and  (129)  for  ths  known  values  of 
o CiA-h1  <XA-/ 

IT  > * and  — JT"  (read  on  the  right  soale > 


K \ 

and  of  X1-  h&Kfh  (read  on  the  left  soale) 

and  the  sought  for  T1  (read  on  the  middle  curvelinear 

soale  at  the  intersection  with  the  straJ  line  passing 

through  X/ and  reading  on  the  right  soale).  Scales 

fhr  K*  are  given  for  the  three  values  af<P;  $ * 0.165, 

0 • 0.181  and  6 • 0,200.  The  reading  of  7*/will  be 

the  highest  on  ltd  soale  for  (127)  next  lower  J^'will 

be  far  (128)  and  the  lowest  T*  will  be  far  (129)  - which 

X 


w*  Cu 

means  that  "f*  ~ ®od  -j'  - ^ ^ will 

be  increased  with  the  decreases  in  r . 

Thus  the  gin  with  the  minimum  £.c  will  have  a larger 

and  larger  ( ) than  the  gun  wd.  th  the  minimum  I4£  and 

the  gun  with  the  minimum  will  have  still  larger 

values  of  IY.  and  than  the  gun  with  the  minimum  \/V . 

9 % c 

The  conclusion  is  that  the  gin  with  the  minimum  , 

having  a desired  ££  and  given  , has  a smaller  K 

c J / 

and  a analler  j than  the  gun  with  the  minimum  4*^ and 

minimum  ^ . This  is  the  reason  for  calling  such  gun 

■toe  optimum  gun-.  There  are  also  given  special  Tacies; 

i ^ ^ ) m ^ 

far  ^ with  the  tn  tries  ^ and  and  for 

at  0 = 0,2, 
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As  a general  conclusion  we  may  stata  that  from  ganaial 

oonaid  erations  of  ths  ralati on  ships  given  in  Interior 

Ballistics  tie  obtain  also  general  regularities  shoeing 

hoe  the  constructional  elements  of  the  gun  oanal  are 

affeoted  by  the  loading  conditions  at  given <4>  f , if 

and  * furthermore*  ee  have  methods  for  determining 

those  loading  conditions  for  a gun  with  the  minimum  K 

or  an  optimum  gun.  It  was  also  shoen  that  a desired  if 

at  given  £>  * oan  be  obtained  at  diffarent  combinations 
tm 

of  the  oonstruotional  elements  or  loading  conditions; 
we  may  have  this  If  at  the  longer  or  shorter  gun  oanals 
at  the  larger  or  smaller  , at  the  higher  and  lower 
A and  60  . 

Chapter  3,  Applications  of  the  Obtained  Relationships 
to  the  Praot‘?al  Design  c£  Guns, 

."N 

1.  The  "Mreotive  Diagram"  its  construction  and  analysis. 
A speoial  graph  is  shown  in  fig.  163  which  has  been  de- 
vised as  a reliable  tool  for  making  a rational  and  effec- 
tive selection  at  the  most  appropriate  variant  among  sev- 
eral others*  whioh  all  satisfy  the  imperative  require- 
ments (ballistic*  technical*  tactical*  economic)  of  a 
considered  project  of  gun  design. 
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This  graph  is  oallsd  *the  Directive  Diagram*  because 

it  proridas  a rational  diraotion  for  making  a difficult 

decision.  This  graph  should  ba  constructed  fora  given 

sat  cC  initial  data:  t &£  and  , Tha  general 

idea  cf  this  diagram  is  the  practical  use  of  projections 
/(v  \ \ 

on  tha  plana  ( of  various  plane  sections  of 
the  surfaces  ( ^ , A,  ) and  whioh 

ware  shewn  In  Fig.  159  and  Fig.  160.  All  these  plane 
sections  are  obtained  by  the  planes  parallel  to  tha 

/ /.i  » 


( plane.  Thus  it  can  be  said  that  tha  Burfaoes 

analyzed  as  by  means 
of  their  topographioal  maps  made  on  tha  plana  (%•  *) 
in  form  of  tha  concantrioal  contours  for  W€  (looatad 
around  oertain  middle  point  which  is  the  projection  on 
tha  plana  of  tha  lowest  point  of  the  surfaoa 

Cl?/  A ) % ) j whioh  is  tha  point  Ai  on  Fig.  163.  Tha 
sections  of  tha  surface  ( , &/  J are  projected 

as  straight  lines  all  issued  from  tha  origin  point  0 
making  various  angles  with  A - axis. 


1 


Mst  ' 


Fig.  163  - The  directive  diagram  for  a selection  of 
needed  va riant s. 

1.  The  principal  point  ie  Me represent ing  the  gun  with 
minimum  VV  • the  coordinates  of  are:  A.,( the  most 
advantageous  4 ) and  ( the  optimal  oharge  at  given 

1,  *i  “a  &>)■ 

2.  The  oval  counters  around  Ma  are  the  lines  of  equal 

canal  volumes  ? (isochore  lines  cf  canal) 

obtained  from  the  plane  sections  of  the  "hammock  surface*" 
parallel  to  the  plane  ^ / &) 


3.  Tha  straight  lint  a issuing  from  ths  origin  0 *r.  th. 
plana  , a)  hays  thair  angla  OC  with  tha  A -wx?  ’ 
datarminad  by;  /Gy, 


'«*  A - T 


which  naan  a that  avaryona  of  thaaa  straight  linas  rapra- 

,W0, 

santa  tha  11ns  of  aqual  volunsa  [TT J Thaaa  vc  umaa 

ara  lnexsasad  with  tha  angla  OC  • Tha  atralght  line 

OM%  rapraaanta  tha  yoIums  (t^)  oorraaponding  to  tha 

Wc% 

gun  with  tha  minimum  {'X'J  • Two  straight  linas  whioh 
ara  tanganta  to  tha  aama  qt«1  ('ijr'/  npniiu*  t«*  mini- 
mum and  minimum  of  oorraaponding  to  tha  aama  Hi- 
thaaa  axtrana  yaluas  of  ara  datarminad  by  tha  ooor- 
dlnataa  ^ and  A - l.a.  dsfinita  loading  oonditlona 

for  <kV«L,,n4  (w*k..  ■ 

4.  As  soon  as  wa  know  far  any  point  of  tha  plana ^ 

Wc  | tfr  " ' 

oorraaponding  valuss  of  **■  and  wa  immadiatsiy 

A Wir-144  ^ 

oan  find  /\.  - — m — ? i.  a.  tha  numbsr  of  vol- 

#.  r¥o  n* 

urn#,  a of  axpanaion  which  ia  ona  cf  tha  moat  important 
charaoterlatica  of  a gun.  Tha  linsa  of  aqual  Ai  can 
ba  traoad  on  tha  plana  (%>*)  a a ia  shown  in  dottad 
linas  markad  by  numbsrs  from  2.5  to  8 on  Fig,  133. 

A 

5.  In  tha  same  way  tha  curvas  of  aqual  r)  - -r-  as 

oj  (x 

function*  of  (^r> ) and  (A)  ara  raprasantad  on  the  dia- 
gram and  inarkad  by  h = CL?-  h - o a „ , . .uo  - l.C 


» vafc#  nU  Y 


f 
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The  11m  ^ * 1 represents  the  case  is  which  the  burning 
ia  ended  when  the  projectile  la  at  tha  muzzla 

6.  Paramatar  of  loading  3 at  ^ivan  h ia  an  inereaa- 

•/ft 

lag  funotion  of  A and  thia  curve  io  also  shown 

on  Tig*  163.  Thia  curve  bagina  at  tha  point  ^1"  A#  and 
3 * 0);  at  (mark ad  \ ) Qc*1.91  or  1.93. 

7.  Tha  lima  of  equal  N (number  cf  firings  not  danger- 
oua  for  a gin)  ara  rapraaantad  by  linaa  marked  Nx  N*  N» 
almost  parallal  to  tha  A - axis;  tha  larger  N la  oloaar 
to  A - axis  (Na^  H»>Hx)  - thus  it  is  advisable  to  taka 
amallar  ^ J largar  ^ and  amallar  amallar  Jg|o<«  &J, 

8.  T1  a dot-dash  llaa>  namad  by  tha  rusaian  lattar  3 — £ 

raprasanta  tha  variation  of  tha  soonomic  lorii^  oondi- 

a>. 


tlom  ^ and  ; thia  lim  paaees  u littla  lowar 

than  tha  point  M#  at  tha  ordinata  corresponding  to 

- tha  most  adYantagaoua  density  of  loading. 

9.  Tha  oharaotsriatio  h rr  can  ba  rap- 

<u>  <*>-*$  (fj 

rsaantsd  by  straight  linaa  parallal  to  4 - axis  marksd 

t 


oan 


by  tha  various  valuaa  of  ( y ) . , , 

*'  A & ? ** 

10.  functional  variations  cf  v ~-jr"  -s -rrrR 

ba  traced  along  tha  straight  linaa  representing  equal 

W 

volumes  -j-p  ; in  both  points  of  intersections  of  this 
straight  line  with  tha  counter  correspond i ig  to  a . . 


469 


oonstant  we  will  h&vs  aiao  aqua! 

or  equal  f)  . If  we  draw  a ptrpend  J cular  from  the  point 
on  the  straight  lins  of  squal  Wa  we  will  mark  thsre 
a point  ( A on  the  Fig.  163)  which  will  rsprasant  tha 
minimum  Wc  with  tha  minimum  HJ  and  tha  maximum  of  Jf 
It  can  be  admit  tad  a a a ganaral  rula  that  within  tha  re- 
gion  to  tha  right  and  down  from  tha  straight  lina  OM0 
any  point  whioh  is  moved  cl  osar  to  tha  point  will 

>v.  h;  _ 4.4.  £9. 

J O 4A4BM  OU“  “ ■*■»*(>**  * **  " """  jSJy 




unvv  a ouniAWi 


2.  Jl  Ganaral  Out  lina  of  tha  Praotloal  use  cf  tha  Direc- 
tive Diagram. 

It  is  dbvioua  that  at  tha  vary  beginnii«  of  tha  applica- 
tion of  tha  dlractiva  diagram  wa  should  antiraly  elimin- 
ata  its  zona  to  tha  right  and  abova  tha  lina  y 9 0.80* 
baoausa  7 « 0.60  maans  that  tha  powdar  burning  vary 
I likely  will  not  ba  andad  insida  tha  bora.  Next;  tha 

antira  zona  to  tbs  laft  of  and  abova  tha  straight  lina 
CM.  should  ba  also  rejeoted  as  impracticable  because 
this  zona  rafers  to  very  larga  W0  and  vary  small  Ay- 
! Thus  tl»  only  practical  zone  for  our  exploration  is  a 

t 

sector  with  its  apex  at  the  point  0 and  enclosed  between 
tha  straight  line  OM e am  the  line  h - 0.°. 


Sven 


4&Q 

within  this  »sotor  it  is  mars  advisable  to  stay  within 
ths  part  to  ths  right  from  ths  ordinate  ■ 0.62  - 
; , 71  for  jreasure*  2500-3200  . Tor  ths 

tubular  powdsrs  A£o.75  is  practically  ths  limit  of 
usabls  dsnsitiss  of  loading,  for  7 - parf oration  grain 
powdar  and  for  small  azms  it  is  poaslbia  to  uaa  A«>*O.0O- 
0.90.  At  ths  highar  3500*  ths  moat  advantageous  A( 
is  still  highar  than  0.75  which  is  unattainable  for  tha 
tubular  powdsrs  and  than  it  is  nscsssazy  to  so®**  from 
tha  abora  outllnad  zona  into  tha  aaotor  to  ths  laft  from 
tha  or d lasts  A^  using  lowar  danaitlas  of  loading  and 
largar  W*  , amallar  5 an d ahortar  tims  of  tha  burn- 
ing of  tha  powdar | bars  h may  ba  aa  low  as  0.40.  This 
zona  oan  ba  uasd  far  ths  dssign  of  howitzers,  whan  tha 
full  oharga  producas  ty*9  0.25-0.30  and  even  at  tha 
small  ohargsa  tha  oonplata  burning  within  tha  bora  will 
ba  asaurad. 

Tha  followirg  thirtaan  pagas  (pp.  487-500)  in  tha 
book  daacriba  in  datall  several  practical  examples  of 
tha  uss  cf  tha  directive  diagram  and  calculations  of 
aavaral  variants  of  tha  same  gun  design. 
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Qhaptar  IV.  Additional  Inform tion. 

1.  How  tha  Variations  of  tha  Maximum  Psraaaura  ft 
Affact  tha  Oonatructlonal  Data  of  tha  Gun  and  tha  Load- 


Oond  ltigna. 


Froml  m 

wa  may  say  that  tha  sama  2J  (tha  a am  a araa  X. 

oan  ba  obtained  at  tha  higher  fi  and  ahortar  traval  <f 

l.a.  in  a ah  or  tav  gun.  Therefore  if  wa  ara  intarastad 

In  having  a shorter  gun  with  tha  sama  muzzla  velocity 

we  hava  to  increase  ft  , and  with  tha  lnoraasad  ft  all 

mn 

danaitiaa  of  loading  4,  ill  also  ba  in- 

oraaaad.  Fig.  164  shows  how  VVand  W0  vary  as  func- 
tions of  A at  givan  and  with  varying  . 


Fig.  164  Wc  and  W0  as  functions  of  A at  various^  (t^> 


w 

whioh  faot  largely  affects  '’the  life1*  cf  a gun.  Speoial 
•cold  powders"  (nitroguanidins)  hava  been  designed  which 
have  lower  temperature  of  burning  an!  smaller  j/*  . All 
the  tables  ere  constructed  for  the  pyroxylin  powders  and 
it  is  sows  time  a highly  desirable  to  evaluate  a possible 


deviation  from  the  tabulated  data  if  other  kinds  of  pow- 
ders are  used.  The  following  characteristic e of  powders 

are  taken  into  consideration;  . The  rate  of 

. y €, 

bum  lag  «,  is  included  in  the  value  of  J,  * -jjr 

Only  four  types  of  powders  are  compared,  and  the  pyrox- 
ylin powder  is  taken  ee  the  standard  type. 
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fabl a of  Ooaparatira  Value  a of  Balliatlo  Charaoter- 

at  Pcmdtre  far  the 

fan  of  the  Minimum  Volume . 


ff-XrvI  M 'IlO-liIlT  IM . .’T . J tlu  Mtti  •lid 


••-TTT'rm 


oteristios 


•loroe"  f 

31 

100 

110.5 

Temperature  of  Burning  fi 

83 

100 

• A A 

JJiC 

flilHV  ¥•*  Ui  vv«v 

Thi  most  tdvantaMoui  dtnsity 

100 

101*6 

of  loading  A«ml 

97 

100 

102.2 

Optima  effioienoy  £* 

111.2 

100 

89  ,s 

Optiaua  relative  eharge(^/ 

110.7 

100 

90.1 

Chamber  voluaa  W# 

lumbar  of  to  luma  a of 
expansion  A}, 

114.1 

100 

06.2 

91.6 

100 

108.3 

Length  of  travel 

104.7 

100 

95.2 

Canal  volume  We 

Travel  at  the  mi  of 
burning  C* 

107 

100 

93.5 

99.9 

1 aa  m 
XV  V a W 

100 

101.5 

- - T 

ttpoili  of  jrvsiuri  du^ 

a _ A«  _ Ai 

a aa 

xw 

aa  a 

99  a V 

?*=  tc:  - r, 

94.6 

100 

105.8 

Pressure  at  the  muzzle  ^ 93.4 

Ooaffioiant  of  tha  utilization 

100 

107,4. 

or  tha  unit  of  oharge  ^ 

90.8 

100 

110.7 

Ooaffioiant 

Temperature  of  gases  at 

102 

100 

98.1 

tha  muzzla  _ 

79 

100 

126 

II 

97.5 

100 

102.9 

Safa  number  of  firings  K 

209 

LOO 

37.8 

4 4* 

X 

4o 

1 

03 
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Since  the  ballistic  design  usually  bs^ira  with  the  cal- 


culation* of  the  gun  with  ths  minimum  volums  (the  initial 
point  at  the  dirootiv*  digram),  all  tbs  above  shown 
deviations  were  calculated  for  the  gun  of  minimum  volume* 
But  it  is  important  to  remember  that  the  gun  with  mini- 
mum volume  can  be  recommended  only  for  oases  of  high 
muesli  Velocity  (15CC  *%sr. ),  In  caste  of  lower  muzzle 
velocities  we  should  oonsider  guns  with  the  «n slier  U) 
and  smaller  1%  i.e.  to  explore  that  seotor  of  the  dir- 
ective diagram  whioh  is  to  the  right  and  down  from  the 
oentral  point  M,  (minimum  volume  gun)*  But  oven  in 
theee  oases  the  above  Table  3till  oan  be  ueed  when  a con- 
sidered powder  ia  different  from  the  powdor  taken  in  GAB 
Tables  and  whan  tha  analyzed  variant  of  a gun  has  not 
minimum  volume.  (CAB  means  Chief  Artillery  Board) 

3.  Tha  Relationship  Between  the  Weight  of  the  Barrel  of 
Gun  and  its  Constructional  Details  at  a given  jfcganfly^  * 
In  some  oases  the  weight  of  the  barrel  may  serve  ae 
a criterion  in  selecting  the  proper  variant.  Hecoe  it 
is  desirable  to  know  hew  is  affsoted  by  the  varia- 

tions of  the  constructional  elements  of  a gun  or  by  the 
loading  conditions.  Tig.  185  shews  3 guns  differing  by 
tbs  lx  A},  at  the  same  ££  and  A.-  Our  problem  is  to 


496 

find  hew  will  vary  with  4*  Fig.  166  gives  a 
schematic  view  of  a gun  barrel  (axial  section). 
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FJg.  166 

S*r«  wi  am 


Jobamatio  yiaw  of  a gun  barrai  (axial  »#otlwu) 
t\  _ *w*  mi**  dissstsr  o?  Ih#  oylis^yissl 


braaob  part. 

dx-  tba  outar  diamatar  of  the  muzz  la 

tl  - oalibar  of  bora 

0Cg  - tba  araraga  diamatar  cf  chanbar 

tb»  langth  cf  braaoh  part; 

tha  langtb  of  ehwnbar;  (^9^£'  . 

* £-affactiya  langtb  cf  ohambar) 


£ - traral  or  tba  projaotile  to  tba 
**  mom  ant  of  b 

a,  n> 

€ - a margin  for  a possibla  shift  of 
toward  feha  auzzla  (£ 

■&'-  length  of  the  conical  part  ol 

barrai j €*  Cr(C+tm)io69rt.A€% 

£ - dansity  of  steal  * 7.85 


4V8 


Tha  weight  of  the  barrel  will  be; 

Denoting  fpy  - tb»  weight  of  the  breeoh  part} 

and  <tj|a  x*an4  dividing  by  d*  we  will  have; 

dividing  by  C^*  £ we  hr.ve: 

Here ; A~  £ ia  a f ine ti on  of  />  . 

4.*  7 ia  a function  of  y£  which  in  its  turn  ia  a 

funatlft"  cf  /?  asS  4 

'*  rV.'  A 

In  the  following  three  tablea  we  bave  ^p/  /-jVand 

/4  aa  function  a of  ^ and  . We  assume  the  co- 

efficient of  safety  1.33  and  the  elastic  stress  « 
=6000  kg. /one. 

Since  4-  /-SU  then;  (?/,-  $ D (isd)/* 

“4;  stlOA1 
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• A * ' 

Fig.  167  Outt««  at  ▼arloua  yfc 

Tha  uppar  ourwa  - fa,  ■ 2£00}  tha  middla  curra  ■ £600 
Tba  lowar  curra  - ^ « 3000,  All  curraa  hava  tha 

minimum  at  /L<^  5-6. 

' JP% 

In  (187)  tha  ralativa  waight  of  barral  ia  ax- 
prasaad  m tarma  of  iw  bail is  via  enaractaraa  niea  , 

A and  y whioh  ara  funoticma  of  pj^,Ay  and 
b . Tba  calouiatad  raeulta  from  thia  for  aula  for  tha 
praaauraa  J&  takan  for  £800,  2C00  and  3000  kg/ cm*  ahow 
in  Fig.  167  how  vari a a with  A#  with  tha  pronounoad 

minimum  for  all  thra%  our>*2  at  - 6. 

TMa  maena  that  / % g-  5-6  ahould  ba  aalaotad  for 
tha  dssign  of  tha  barral  with  tba  minimum  waight. 


Tabl«  for 


ht  1800  2200  £000  3000  3600 

m 


A * 1.08  £.00  £.56  3.79  5.10 


T.M.  for  A,) 


zzm  » gximnsr-mj 


Tabl*  fcr 


* /V*»  .«  \ 

w f»  \&»»  /l7J 


/*•  /t?  3 4 6 

8 

1800 

0.774 

0.738 

0*696 

0.667 

£200 

0.690 

0.650 

0.600 

0,570 

2600  - 

0.563 

0.539 

0.477 

0.466 

3000 

0.396 

0.368 

0.328 

0.312 

3600 

0.314 

0.285 

0.249 

0.236 

10 


0.660 

0.560 

0.442 

0.301 

0.228 
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4,  On  th|  U«i_  cf  Variola  Ballistic  Tabls.s 

Wa  law  fit*  types  of  belli  atie  tab  lie  which  can  be 
used  in  the  oaloulatlng  procedure  of  the  ballistic  de- 
sign» 

1)  Tables  of  Prof*  Drosdov  for  the  strip  powders 
(X*1.0d)  and  •normal"  oonatants  (DBO) 

£)  Tables  of  the  Artillery  Scientific  Research  Institute 
with  the  sen  constants  (AJ3RI) 

3)  Tables  of  the  Chief  Artillery  Board  (GAB)  with 
« " 1*  <f  • lr 

4}  Tables  of  the  Chair  of  laUricr  Ballistic*  (OxB)  for 
the  powders  with  constant  surfaoe  of  burning  ( %•  1^; 
(A  w ot  for  any  f and  (f>  . 

5)  Tables  of  M.  C.  Gorokhov  [i?j  for  * 1*0S  and 
1,00  with  "normal*  oonatants  (GOB) 

The  most  suitable  tables  far  ballistic  design  are  Tables 
(OAB)  and  (GOB).  The  traotiosl  use  of  any  kind  of  table 
begins  with  the  selection  of  tbs  proper  coefficient  of 
conformity  between  the  calculated  results  and  esperimen- 

tal  data.  This  can  be  dnae  by  the  calculation  of  the 

\ 

results  of  firing  tests  made  with  the  types  of  gun  simi- 
lar to  the  designed  systsms  and  already  used  in  field 
service. 
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Such  work  has  bssn  dons  with  ths  tsn  dlf  fsrsnt  typss 
of  our  gi os  firing  with  ths  small  rslativs  ohargss 
( ^ 4 0.20)  and  ths  rssults  shew  that  a good  conformity 
witt  ths  sxpsrimental  and  can  bs  obtain d with 
tbs  uas  of  ths  (A2ERI)  Tab  Is  s with  ^ « 1.05.  With  ths 
uas  of  (p  - 1.03  ♦ if  wich  dus  oorrsotiona  at 
giirsn  all  ths  oaloulatsd  Vp  ars  3£  lowsr  than  ax- 
psriosntal. 


Thus  ds spits  that  faet  that  (JLSRI)  Tablsa  ars  oon- 
structsd  for  tbs  strip  powdsrs  { % **  1.06)  and  ths 
tsstsd  t stsms  all  haws  ussd  tbs  tuoular  porjdsre  or  7- 
psrf oration  grain  powdsrs,  stoich  ars  much  mors  prograss- 
ivs  than  tbs  tubular  powdsrs  - still  our  assumption  for 
^»&0.2«  that  ths  cosfficisnt  (p  * 1.05  which  is 
small sr  than  ths  actual  (p  , has  ooopsnsatsd  ths  dsgrsss- 
iyanaaa  of  ths  strip  powdsrs  and  ths  bbtainsd  oaloulatsd 


rssults  of  i/p  turntu  out  to  bs  oloss  wncugh  to  ths  ax- 
psrimsntal  valus  a {Only  3^  loss). 

Hots.  If  using  (ASRI)  Tablss  at  ^^0.2  ws  taka  ths 
thsorstioal  valus  whsrs  CL  - 1.03  - 1,06,  and 

v.--  than  at  Up  oaloulatsd  and  squal  xo  its  •*- 
psrimontal  valus  ws  will  bavs  /O  oaloulatsd  about  10% 

f/h  . 


Ou 


highsr  tuan  its  sxpsrinsntal  valus.  *»ly  for 


whtn  if  • 1.05  markedly  deviates  from  if  • a ^ 
do  we  have  to  use  corrections  for  , and  in  this  case 
'the  differences  in  powders,  calling  for  some  eompensa- 
jtion  by  lowering  the  value  ot(f  , will  make  the  reduc- 
tion in  the  coefficient  C necessary  by  taking  it  smaller 
than  1/3.  In  the  constructional  bureaus  formula  (f  * 
si, 05  (i  + J.  • ) is  used  which  at  larger  ^ gives  p , 

which  is  smaller  than  (1.03+  ).  It  should  be 

remembered  that  the  numerical  value  of  ? affects  the 
constructional  elements  of  the  barral»=its  length  and 
length  of  travel  of  projectile  ( /,c*nd  €*)• 

A general  comparison  of  the  four  tables  (DRO), 
(ASRI),  (CAB)  and  (GOR)  shows  that  at  given  4*nd  ^ 
the  calculated  R and  ^.are  all  different: 

~ • ’K 

B(DRO)  < B(ASRI)  <B(G0R)  < B(CAB)  and 
AHmO)  < \{ GOR)  < GAB ) < ^ASRI) . 

The  practical  result  of  this  divergency  is  that, 
at  gi#?n  and  at  equal  (P  or  b we  will  have  different 
values  for  ^ and  /l^ana  the  higher  is  the  greater 
are  these  differences.  T/e  will  have  the  minimum  values 

of  Bx  and  L with  tables  (DRO);  the  maximum  values  of* 

I * c 

^ and  Lt  with  tables  (ASRI),  At  1CX)0  m/s  the 

difference  will  be  about  2%  but  at  1500  m/sec  the 

difference  will  be 
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At  •qua!  A or  equal  B the  (CAB)  tables  give  larger 
value  a ^ than  the  tables  (DRO)  and  this  difference  is 
increased  with  A . Tor  example;  at  A a 0.50  and  at 
equal  B we  have  ^ (CAB)  - ^(DRO)  * 2£j  at  A * 0.50 
this  difference  is  2-1/8  - 3$;  at  A * 0.70  this  dif- 
ference 4 - 5%  and  at  A * 0.80,  this  difference  is 
5 - &%,  3uch  a divergency  is  markedly  too  large  to  be 
explained  by  the  difference  in  assumed  values  of  OC  ; - 
in  (GAB)  table*  <X  * 1.0;  in  (DRO)  tables  DC  » 0.98. 
l!ai  (A3RI)  tables  give  very  dose  to  of  (DRO) 
tables  and  tbs  (GOR)  tables  have  >6  about  1-2^  lower 

it* 

than  in  (CAB)  tables. 

From  the  (GOB)  tables  calculated  far  % = 1.06  and 
% * 1.0  we  may  observe  that  with  the  change  of  %/  from 
1.06  to  1.00  at  given  A and  B,  the  pressure  p is 
decreased  at  about  4 - 6Jt  and  the  larger  are  A and  , 
the  larger  is  this  difference  in  p . 

49% 

At  any  rate  it  should  be  remembered  that  any  tables 
calculated  even  on  the  basis  at  the  ma  thematic  ally  rig- 
orous method  are  always  in  some  disagreement  with  the 
experimental  results  simply  because  a theoretical  ap- 
proach to  t hi  solution  cannot  take  into  account  all  the 
details  of  the  process  of  firing.  Xvery  purely 
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mathematical  solution  is  nothing  but  an  approximation 
to  reality  whioh  cf  oourss  is  always  mors  complex  than 
any  assumed  sohams  as  a da script ion  of  tha  phenomenon 
undar  observation.  Hanoa  thara  is  tha  naoassity  for  a 
propar  salaction  of  a cartain  convarsion  factor, % co- 
efficient ctf  conformity*  between  tha  theory  and  experi- 
ment. This  coefficient  oan  be  found  by  tha  comparing 
the  calculated  results  of  tha  firing  tests  made  with 
guns  akin  to  the  prospective  designed  gun  with  results 
obtainable  from  tables  or  a table  applied  to  guns  whioh 
are  already  in  tbs  field  service.  Then  tha  calculated 
deviations  are  likely  to  be  observed  in  tbs  case  c t the 
designed  gun. 

yor  pyroxylin  powders  tbs  bast  conformity  with  the 
experiments  can  be  realized  by  tbs  proper  adjustment  of 
the  coefficient  b in  tha  fozmula;  n Ct 

We  hi  vs  aw  an  above  that  at  equal  y^ana  b for  a given 

0 and  Vi  * 1500  m/sac.  the  (ASRI)  Tables  give 
*m  *•  *• 

larger  than  v,  found  in  (DRO)  tables  amd  this  devia- 

w% 

tion  is  about  7 - &f». 

But  it  is  possible  to  chtain  tbe  equal  ^ from  both 
these  tables  by  tbe  adjustment  cf  the  coefficient  & or 
b,  and  this  adjustment  may  be  differert  for  different 
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oaaaa)  i.«.  If  in  on*  cast  for  tablaa  (DRO)  b « 1/3  and 
in  anotbar  eaaa  b * 1/5,  than  in  tha  (A3RI)  tables  for 
tha  fir  at  oaaa  b * 1/4  and  for  tha  a coord  oasa  b ■ 1/6. 

Hew  it  dll  ba  ahown  hew  to  find  tha  ooaffioiant  b 
from  Table  a. 

5,  Tha  Oaloulation  of  tha  Ooaffioiant  b from  tha  Tablaa. 

Tha  coaffieianb  a in  tha  formula  (fs  ia 

aaauaad  to  ba  1.03  for  tha  powerful  gina,  1.04  - 1.05  for 
tha  guna  of  madlum  power,  1.06  - 1.05  for  howitzera  and 
1.10  for  amall  arma.  Tha  ooaffioiant  & ahould  ba  eval- 
uated  from  tha  experimental  data, 
from  (GAB)  Tablaa  we  have; 

From  (A3RI)  Tablaa  wa  have;  |r* . 

Hanoo:  from  (GAB)  Tablaa;  (p 


from  (ASRI)  Tablaa;  ^ = / OS 


Baoauaa;  <W.-  (2$^*  (^]/T 


\ Knowing  45  wa  will  have; 

| W. 

( 


19) 


\ 
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6,  How  fcfco  Caloulatad  Ax  and  «ura  Affactad  by 


g,  a ** 

tha  Variations  In  r and  G ? 

from  (110)  wa  bara  (ramambariog  that  ): 

/.  . (*«<*- “jft-  V('-*4l*  K _ K 

fast-  «*)*  jfc-f*  - TF-Tfiz  • 

Kara  K ■ Constant  at  given  A and^j>  * ' ^ 

Plf  fay  initiating  this  aquation  with  raapaot  to  j 


wa  bat§£ 


i»cwi 


V.  ' 

k r 


*^..(129) 


From 


V'- 


/o&S 

to®  TgP 


/ r 

= ' y 

wa  barai 

7 = vti 


_ eC(?  <0-4  d£ 

Haaeas  *^=  , 

clA'i.  t r‘  & oC4 

How  fro«  (130)*  -X  ■:  y 77''  ¥ * T 


(130) 


(131) 


M32\ 


Hara:  ; K#~  3 Q 

' **  t *f 


and  fiaally: 


ei  Ah. 


Ho.  Hi  u*  d£ 

a ’ hr  Xjf  ' 0-  r') 
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Thus  the  influence  cf  I ia  increased  with  V* 

All  the  abort  shown  telationehips  only  confirm  ti*  nec- 
•ssity  c t a batter  adjustment  of  tha  coelf  lo  lent  ^by 
means  of  firing  tests  from  guns  which  axe  similar  in 
type*  constructional  details  and  in  their  service  with 
the  designed  gun.  Thi  a requirement  beoomes  particularly 
important  when  higher  velocities  2£  are  involved.  Only 
by  following  this  method  in  the  design  of  a new  gun  can 
wc  expect  results  which  will  be  in  good  agreement  with 
the  praetioe  cf  the  artillery  service. 


Xt  haypana  t«7  oftaa  la  artlllary  pxaotioa  that  a 
powiar  abaft*  wat  ha  aaapaaaa  of  t«e  tlfforaat  aorta 
(yAyaiaally  aa  wall  aa  thaoiaally)  of  ptwiar.  Oath 
aaipa  ua  ha  faoat  la  fixing  piaatle*  frca  bawltsara  or 
at  tlw  piawlat  craoaA  afcaa  mtk  a aoatlaatloa  of  ^6  aad 
$$,  la  taalrat  Alik  aaaaal  ta  raalisat  by  taing  ar- 
tistry abaft**. 

fba  talliatia  Haifa  la  aaaally  aata  far  tha  waitowi 
Halt  far  tta  fail  ahaita  far  tlw  lanat 

M»  «•  «*»  ow  ^|.  nit  malar  of  aaloaltlaa 
aw  aharaaa  la  tatarmlaat  by  spatial  raqalrawaata  largaly 
f a toatlaal  afcaraatar.  fba  ililwa  ^ far  tba 
ail  Hat  alwna  la  tatandaat  from  ta*  taabolcal  aoadl- 
tlaaa  of  a tapaetatla  aatlea  of  tka  wafcaaleae  at  tba 
tataaetora  or  tlM-fosaa*  All  tba  taaaitlaa  of  lo«41ag 
ara  takaa  wltfeia  the  raaga  fro*  21  * 0*10  - 0.15  ta 
A ■ 0*40  - O.ao.  Zatarlor  balllatloa  proTldaa  tha 
ralatlva  wslfht*  of  o^aponicka  far  ovary  abaxga. 


sxo 


nrgaa. 


Suppoaa  wa  hart  a chargo  A^of  al%  of  a powdar 
with  a aaaXl  wab  fctf/and  (AJ^  of  a pcwdar  with  a 
largar  wah  . Than  wa  may  writa*  . (m'+Cv11  = Ct> 

' . 0*1' i*  . 

XJ?-  ' a7  01  ' **  ** 

Tha  ohuraotariatioa  cf  thaaa  yowdara  ara  aa  follow*: 

thin  powdar  * OJ  ; ct 9 • X #/  ; u\  J XH  ; ',h;f 

think  powdar:  U)";  * **  ; %*; 

Aa  tha  fir  at  tpproxiaation  ^ for  a oompoaita  oharga 

oan  ha  takan*  / * tf1/***  * f”  ' * 

A aora  aoourata  valua  will  ha:  <1») 

inwhiohth*  amount*  of  tha  burnad  powdar*  (varying  com- 

poaition.of  gaaaa)  la  oonaidarad.  far  pyroxylin  powdar* 

f . and  /**  ara  alwaya  vary  oloaa  aaoh  to  othar  and 

fOcaula  (1|  oan  ha  usad*  lor  ifif  f powoar  during  ttsi? 

oompa tibia  burning  wa  hava:  dt *sJbiUu?t 

t 

and  >*•  1*  tha  saaa  for  both  powdara. 


- • 

Hanot*  *y>  r J}  - 
**«  * 
pond  ant  .variabla. 


will  ba  takan  -a  an  inda- 


During  tha  burning  y a burnad  fraction  of  tha  who  la 

j m 9 

oharga  UJ  will  ba;  jt — .fg~£*  9 oi'f  '+  Ot " 
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I 

i 

i 


k 

■ 


A gana  ral  axp  roan  ion  for  ^ oan  ba 

f r 

rawrittan  if  inataad  of  Z wa  uaa 

* to*  Jl 

Than: 

^ *X  * f 'ix* = 

for  toa  oomponantW*:  ^ * R* JT  + K'Jl* l*9'*  "(3f) 


hara:  A'** 


for  tha  oonponant  CU  i 


+*  X"I+  K* Jl "l*>  . . • (3-) 

*•*•»  tf*  3j£  / Jilt 

Row  (2)  will  bws  X X + Kji  J*s  ot 


ori  HI*  HA  Z* . ( VjX*  (« 


U ._  al'V" 

~ r»  -w  --  * - 


nwwDi 


/ * « 
• V*/ 


HJ 2 « Cltf#  ,1 ) 

Thar  %f ora  tha  Taluaa  cf  f , R and  #</&  for  tha 
O'H&pcaita  charga  ara  ojtaisad  by  applying  an  ordinary 


rula  of  tyaluB  tion  of  oharactaristica  of  any  mizoira  of 

tha  two  uonponasta. 

from  (2)  by  dif farantiating  wa  aava: 
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Sauces 


r=oc'r'+«p"  w 


but.  />'.  £V/yS|fc/'-£r 


and  for  cur  oompoaite  charge  finally  we  have: 

Far  the  beginning  of  burning  : g-'*c  « 6'*/ 

Far  the  panders  with  the  sane  form  of  grains  f(Jn  *X/‘ 
Then  (7)  will  be:  s «'&. 

X£ 

or.. 

At  Tb*  we  will  hares 


./  .« 


--  4;  •* 

...(e) 

•C 

T* 

V t 

— tt 

<J»H  _ 

■4* 

. .w*_  jL 

«t"Z*  ' 

V t4 

whioh  means  that  the  impulse  XK  in  this  oaae  is  eval- 
uated not  from  an  ordinary  formula  for  the  mixture  of 
.v 


rt  T’1 

J.K  and  A* 


Jl  ft  y,tf 

^ °<  I*/  + # 1 ^ ..  (9) 


K —Sf  * ~ V 

but  as  if  the  mixture  were  made  of  ( jr7  ^ and 

jT  calculated  from  (9)  will  give  a higher  fo  than 

H *n% 
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oaloulatad  from  (8),  and  formula  (9)  for  a long  tima  was 


uaad  in  praotloa. 

3.  Qranhioal  Intaroratatlon  of  the  Curve  Ctl)  In 
Oaaa  of  Ooaooalta  Charges. 

In  tha  . oordlnatea  ^ and  J , tha  function  P la 
a tangant  of  tha  angla  jf  of  tne  alopa  of  tha  curve 
(♦.l)  to  tha  X-axla.  For  tha  powders  with  tha  oon- 
atant  aurfaoa  of  burning  thia  angla  ia  conatant: 

For  tha  composite  ohargaa: 

" h*4'  s 01  ^"(tJ  • - ••  (e> 

»r w 


and  ahould  ba  datsrminad  from;  r; 
geometrically  (8)  ia  rapraaantad  by; 


* oc'I>«X 


Fig.  168  Shews  tho  burning  of  a compos  its  charge  (two 
powdara  of  different  thicknesses. 
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Lie*  00- burning  of  tha  mixture;  Lins*  CB-burning  out  of 
the  thicker  powder.  A straight  line  1 (angle  jf*  ) rep- 
resents tba  burning  ^ of  0.4(0  of  the  powder  with  a 
smaller  web  and  impulse  Jt^.  Anothar  straight  lina  Z 
(angle  f ) rapraaanta  the  burniig  of  0.6 CO  of  tha 

powder  with  a largar  wab  and  impulaa  . Tha  haight 

00"  of  tba  diagram  is  subdivided  at  point  O'  in  tha  two 
parts;  00'  * 0.4  (00")  and  O’O"  » 0.6  (00")-  at'*  0.4; 

0(H*  0.6;  cC'+ct!*  « 1.  Than  tha  straight  lina  OA' 
gives  tha  firat  part  of  tha  sum  OCw^w 

namaly  &%(/'  and  tha  straight  lina  Q'B  (ordinatas 
maaaurad  from  tha  straight  lina  O'B* ) givaa  tha  item 

0 t ^ . Thus  the  sum  ^3  0<  # is  obtained 

by  tha  straight  line  OC  representing  the  summary  burning 

t « 

of  both  parts  af  a ehsrgs  Ci-5  * & OC  Qj  . The 


point  C is 


s tba  and  of  burning  of  ot'tU  : CC0*XL 


Wa  have:  OA ».  a'c  c *'  u , ^ 

% *f  xT  n >•  t*}fi  & i-ti: 

“s'.  1 i «c.  $«■  / * " * 

>„  r„  ' ra  ~ *3?  s 


7J'  * 


TV  JV  ' as 

After  point  C the  burning  proceeds  along  CB*  for  which 
*r  c 0<  OC  At  the  point  B we  have: 

o6*Il 
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«'”A4 

o**M 

r««rv«v* 


/ 


71s.  159  Graphical  representation  of  cm)  for  a 
■linture  ctf  2 powders:  d*g.4;el»A6,YT*  «<'/*+  aCf1" 

Bara  P*  ia  represented  by  tha  ordinataa  of  0V%*  and 

mm  It  ,m  H.  I»  /*«7* 

/*  by  the  ordinataa  of  O O and 

Sine  a r ■ Oonat.  m hare:  and  P i 

Area  0**! i' it" I*H  (tha  intensity  of  burnir.g  Ibr  tha 

# 

ooaipoaita  onarga)  ia  equal  to  / as  in  tis  cans  of  burn- 
ing of  an  ordinary  charge. 

According  to  tha  formula  (6);  /**  Of  /V  A Z7 

this  ia  tha  straight  lira  Mi*  on  tha  71g.  169.  At  tha 

/S*  f If  t A l 

% JLh  tha  line  AA  is  replaced  by  tha  line  w » 
representing  tha  intensity  of  gas  formation  cf  the  re- 
maining part  of  the  thic*  powder. 
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4.  Analytical  solution.  (Prof.  0,  Qpaokov) 

Tbs  simplest  case  of  the  two  degrees It*  powders  of 
the  mum  chemical  composition  will  bs  considered.  Ths 
first  Phase  (as  long  as  tbs  whols  charge  of  ths  powdsr 
with  ths  smaller  wsb  is  burned  out)  la  characterized  by 
the  equation; 

* i « • 

1.  Tbs  characteristics  %>  and  are  determined  by; 

%>,;  fC’Voc'' 

**•'  K~  j*  S <*--  <£;  *"~M" 

E.  Tbs  values  of  X0  end  Jf.  ar*  replaoed  by  Z*  aad^C 


here 


Vi  __  it 

‘ V * *'') 


*•  *«*-*.;  or** 


4.  At  the  end  of  the  first  phase:  yj  / 2CK,=  2^-  ^ 

Ths  second  phase  (the  burning  out  of  the  remaining 


part  of  the  thick  powder) 

Tbs  same  differential  equation; 


are  val  id 


fit _ Qxtft+f) 
Sx  “*  y*-  't^jc 1 
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and  tha  aquation  of  tha  gaa  formation  will  bn: 

^ H'*1 SfV^r/**^;  .Cat".  4f#V* 

" "lu  f s <4* -«S. Jr-^V^a1 

fc*«  s’* 

— K.»  &V*  a f &$+**:)*&*" 


Thus  va  laa  that  tha  lav  of  tha  |aa  formation  la  analo- 
toua  to  tha  a ana  lav  uaad  for  tha  first  phaaa  adiloii 
naan  a that  for  tha  aaoond  phaaa  instaad  of  B va  vill 
hatn  instaad  of  C . 

Than  tha  tabular  paraaatars  vill  bat  aC»3C 

•**  fa  0^* 

*i»  dlfftratui  tqiullon!  §£&!& 1 , . ..  (u) 

. « 'fcKiX-mx* 


and  hara  for  tha  bacinnint  of  tha  saoond  phaaa 
and  tha  initial  f3*n  CAX#i 
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Here:  tu.  5* 


. A, 

and  % ~ 


“4  't,s  <fc2«l+'^z"‘=4'0*  X.X^+yiXxi, 


The  integral  In  tba  right  part  of  (12)  will  be: 

B C Mf*  _ o fcK  l' 


Thua  finally:  ^ » 

011  ^ a (&*«) ZK  4,‘~  4*. 

whioh  ia  a modification  of  (14)  given  in  Section  VI: 


>n  or  (14 1 givan  in  £ 


Problem  of  the  Onggssita  Charges 

Thaaa  tablaa  ara  constructed  for  the  ordinary  powder 
chargaa  of  a certain  aoi-t  of  powdar  ( % * 1.06),  web^l, 
and  Uf  ).  Tha  above  shown  formula  for  t-h*  impulaa 

T of  a mixture  can  be  applied  with  a good  approxima- 

* r S1Zm 

tion  for  calculation  of  and  ps  "fuTp/n  as  an 

entry  (and  A ) into  Tables.  If  tha  powders  of  a mix- 


ture have  different  forms  of  grains,  for  example:  one 
part  is  a degressive  powder  and  another  progressive 


(7  perforation  grain)  than  for  dagraae'm  powder  at  taka 
« * 1.06  and  for  a prograaaiva  w*  taka  Its  equivalent 
.trip  poirin  .ltt  (?(*«).. 

2 tt  W JhT'  t . 

^ and  »a  find  and#  , 

Bat  thi • prooadura  still  does  not  produce  the  actual 
location  of  a projectile  ^ at  the  end  of  burning. 


at  the  end  of  burning. 


That  value  of  f:  . Arrj 

wiZ+iczz 

was  determined  under  the  assumption  that  the  character- 
i«tlo  * of  a mixture  is  equal  to  X'  and  X>* 
l.e.  under  eomdltion  of  the  burning  of  mixture  of  both 
powders  (until  point  0 of  the  Fig.  168).  Suoh  XH  ie 
eelled  "the  conditioned  IH  The  aotual  end  of  burn- 
ing muet  be  determined  on  the  ( V,/  ) curve  by  the  or- 
dinate corresponding  to  the  c\d  of  burning  of  the 


thiok  powder  ((*/; 


*"■  v $ - * 

In  the  same  way  we  determine  the  end  of  bumixg 

of  the  mixture  (when  the  thin  pcwder  is  buroei  out'; 
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Having  Jjf  the  mixture  and  JT/.  and  Z* 

as  the  characteristics  of  tha  components  of  this  mixture 

t .*> 

we  oan  evaluate  from  (8)  and  Os-4^  * l. 


_>/.  J5T  ' 

the  percentage;  C(  5 -sg 


(14)  and 


±*  -/ 
T> 

•** 


Ou's  ot  ’ CO 

Ctiifr-etyw 


6.  Specific  details  of  the  Ballistic  Design  of  Howitzers 


The  ballistic  design  of  the  howitzers  is  made  for 
the  maximum  Vj  corresponding  to  the  full  charge  ( ft*0  ) 
and  maximum  praasura  £ . The  following  data  are  de- 
twain*!  w#  Jtyt  . A)  . 4 = 

from  $0  we  find  the  conditioned  impulse  XMm  of  the 

mixture  far  the  charge  f/°0 . The  ch&raeten stic  of 

a 4*.  m. 

powder  g ia  usually  taken  00-33  . The  character- 
istic ^ is  taken  0.30-0.25.  Starting  from  the  point 

M,  on  the  "directive  diagram®  r. ezplore  tha  sector 
to  the  left  and  down  from  K vsnere  we  have  smaller  4 » 
smaller  ^ and  larger  A j * The  characteristic  ^ = 
will  be  lower  than  for  guns. 

H*  _ . 

/or  the  minimum  charge  nrf  for  and 


we  find 
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4,(0. 3-0-0, 16),  , J[^  for  tha  thin  pewdar| 

; hV.*WfcA,  ; *k» 

e y*^  ** 

«ad  fio»  ^ «•  fiHs  “a  flfe-W. 

and  finally s 

**  Bkf  **  fc*  than  w«  chans*  A until  wa  bar*  a 
daairad  yO^  . Thus  da  tormina  d will  ba  tha  char- 

aotariatlo  of  tha  thin  powdar  uaad  in  composita  ofaargaa. 
Knowing  and  ttJ*  wa  oaloulata  for  tha  eharg* 

M*0  * *'«*  §jj  ; <XC  /~ot'm 

Knowing  and  wa  find  JT*  from:  r / • - — 

• * **/-©< 

i»  / yf  * * m * 

In  tha  aama  way  f ia  found  from:  fo*  <*#  f •*  ^ 

or:  r = ST" 

Knowing  the  rang  as  ( 2£0  — 2£)  and  ( CUU  - 6£) 

wa  find  any  intarmadiata  eharga:  0>  - fcj  * <V±(*k  /»£..,>  \ 

* 7??%,.'*  **) 

Hancas  <6t  3 JV#^*  / ^§J  / OC*  */-  ♦«<"/” 
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Chapter  2,  Solution  which  takes  Into  Acoount  the 
gradual  Ingravlng  at  the  Driving  Band  by  air ling a 0f 
the  Bara. 

Tha  preliminary  pariod  la  subdivided  into  the  two  phaaaa: 
tha  Initial  phase  and  tha  enforcing  phase.  Tha  initial 
phase  is  described  in  terms  of  Pt-  , fa  t A\  Z4.wh icb. 
are  taken  as  jb  ; fa  J f(0  ;20  in  the  preliminary  pariod. 
In  enforcing  phase  we  have  the  basic  aquation; 

J>/)1  , where  ft  is  the  resistance  of  the 

driving  band  to  the  engraving  related  to  the  unit  erf  S 
The  pressure  b is  determined  by  the  equation; 

P*  where  A the  total  work  of  the  gases 

is  taken  as;  * Art  where  Ap  is  the  work  of 

ft  . The  values  of  ft  and  An  are  determined 
from  the  experiments)  gas  form ti on  is  determined  by; 

d*  (geometric  law  of  burning) 

We  have  to  proceed  with  the  numerical  integration  of  the 
following  equations'  di*  /?./_*  r /Jo*  i>~/7 


M f ' 


jgf  - (IS) 

An 


P-  $rX*‘ 


(16) 


The  following  facilitating  assumptions  are  introduced; 
1.  The  variations  in  are  neglected: 
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than  tha  first  aquation  of  (15)  will  ba; 

(17) 

8.  Tha  small «r  tarms  in  tha  numaratar  af  />  (16)  ai*a 
naglactad  and  Is  taksn  as  (£c+  6^  , l.s.i 

....  (18) 

-"'i'f'i  * si* 

3.  Tta  foroa  H haa  tha  following  axprasalon: 

* • • u») 

whera  &t  ia  tha  traval  at  tha  and  of  tha  phaaa. 

Than  (16)  will  ba:  fo*ff  ' 

h“°“  &*£!?'  ■'& 

tip  fr  %,  h 
or  ram*mbaring  (17);  £ + lf‘  ’ Zit  ’** 

da  no  tin«  ^5  T£0(fo{')'  ff 

€ •••• (zo) 

^ 3 jb  €,  • • • • (21) 

Thin  tha  saoond  aquation  cf  (15),  rawrittan  having  in 
via*  (19)  end  (21) , will  ba: 


wa  will  hava: 
Hasoa: 
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A.notlrs:  *f.  £;  A $ ; L . Sg  ^ 

and  entegratin^(22)  we  will  have: 

i~  i*i£ ~ ) 

*•*  ' r 3 $|i  “ Ay^f  • 


(83) 


84) 


t ia  measured  from  tbs  beginning  of  she  phase. 
Special  Tables  for  ^ s 6 and  for  ^ £ " y 

41 


*£«  . . /£.v 

cr  4 

are  calculated  with  the  two  entries:  ^ and  A' 

-p.  542  - p.  543  \ 


Table  1 for  ( • 


fit  V 


Table  2 for 


("T7  ; 


-p.  544  - p.  545  J 


V in  book 


Chapter  3.  Solution  of  the  Problem  of  Interior 
Ballistics  for  the  Minethrowers. 

1.  General  Information. 

The  firing  of  minethrowers  has  a series  of  special  fea- 
tures making  this  firing  distinct  from  the  ordinary  fir- 
ing of  gana.  Some  of  these  peculiar  characteristics  are 
the  results  of  certain  simplifications  specifically 
adopted  for  minethrowers;  others  on  the  contrary,  make 
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this  type  of  firing  morn  difficult  for  the  scientific 
treatment,  because  of  the  laok  of  definite  and  reliable 

knowledge  of  all  the  details  of  this  type  of  firing. 

The  main  charge  of  the  minethrower  (see  fig.  171  - p.  546 
in  book)  ie  placed  within  a cardboard  oase  (cartridge 
case)  in  the  tube  of  the  stabilizer  (1)  of  the  mins. 

This  tube  hae  4 or  6 round  orifioes  (2)  for  the  discharge 
of  gasee  out  of  the  cartridge  oase.  me  mine  slides  freely  to 
the  bottom  of  the  barrel  expellii^  the  air  through  the 
* 1»* ranee  (3),  and  the  primer  at  the  end  of  the  mine 
etrikes  against  the  firing  nin  (4)  producing  ignition  of 
the  primer  and  powder  oharge  in  the  cartridge  case.  At 
the  beginning  the  powder  (at  the  high  density  of  loading 
0.50-0.69)  is  burning  in  .he  dosed  rolume  of  the  cartridge 
oaee)  finally  the  gases  explode  the  eardboard  walls  of 
the  oase  and  through  the  orifices  (2)  fill  the  chamber  % 
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fig.  1,71-  A schematic  view  of  the  minethrower. 

Under  oondltiona  of  a very  rapid  burning  of  a .Ine 
powder  within  the  tube  of  the  stabilizer,  the  maximum 
pressure  is  very  sensitive  to  every  resistance  or  re- 
tardation caused  by  such  an  uncertain  envelope  as  the 
oardboard  walls  or  the  thin  metallic  walls  of  the  stabi- 
lizer. As  a result  of  a very  small  casual  difference  in 
the  pressures  which  are  high  enough  to  puncture  the 
oardboard  walls  of  a case  a very  wide  dispersion  of  the 
maximum  pressures  within  the  stabilizer  tube  can  occur. 
Thus  in  the  cese  of  minethrower  the  construct  icily  unpulst 
and  weight  of  tas  igniter,  an3  its  rat#  of  burnieg  are 
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mob  more  significant  than  they  are  in  the  case  of  or- 
dinary  guns.  Tha  largar  the  impulse  of  tha  igniter,  tha 
aora  on  if  ora  tha  burning  of  tha  oharga  Mill  be. 

Tha  next  paoullaritgr  oonoarna  tha  abrupt  expansion 
and  oooling  of  gaaaa  which  begin  burning  within  tha  stab- 
ilizer at  tha  high  A of  0.50-0.80  finally  are  knitted 
into  tha  large  to  lone  of  aha  chamber  behind  tha  mine. 

Sine  a tha  aurfaoaa  of  tha  wings  of  tha  atabilizar  and  of 
tha  bottom  part  of  tha  nine  are  large  and  tha  danaity  of 
loading  aithin  tha  relume  la  only  about  0.01,  tha 
haat  loaaaa  ara  great  and  beeone  atill  greater  on  aooount 
of  tha  aloe  notion  of  tha  nine  and  tha  longer  duration 
of  con  teat  bataaan  the  gaaaa  and  tha  aalla  of  tha  barrel. 

If  there  ara  additional  powder  chargee  CO  , their 
powder  ia  ignited  tha  burning  gaaaa  of  tha  main 
charge;  thus  the  nine  ia  propelled  by  tha  net  action  of 
tha  aain  and  additional  ohargts.  Since  tha  clearance 
(3)  between  tha  surface  of  tha  nine  and  tha  walla  of  tha 
bora  ia  large  enongh,  a sizable  portion  of  tha  gases  ia 
lost  at  the  wary  beginning  cf  tha  motion  of  tha  mine. 

This  ia  tha  third  specific  feature  of  minethrower  firing 
- tha  amount  of  gases  lost  through  tha  clsaranoa  between 
tha  mins  and  tha  walla  of  its  canal  is  about  10-15^., 
whereas  tha  corresponding  loss  in  gins  ia  almost  neglig- 
ible. 
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The  fourth  characteristic  point  about  a minethrower 
is  that  there  la  no  farcing  pressure  of  the  engravii^j, 
and  there  is  no  problem  of  the  evaluation  of  woric  spent 
on  the  rotational  motion  of  the  mine.  Tnus  the  absence 
of  the  engraving  of  the  driving  band  aid  cf  certain  other 
secondary  resistances  makes  -he  problem  somewhat  easier; 
on  the  other  hand,  the  necessity  of  taking  into  aooount 
large  losses  of  gases  and  heat  involves  the  application 
of  many  complicated  inferences  and  derivations  of  gas 
dynamics.  Since  there  is  no  recoil  at  all  and  the  rela- 
tive oharge  is  small  (0.01-0.02),  tbs  coefficient  fy  * 

m.o. 

In  the  following  analytical  solution  cf  the  problem 
of  firing  minethrowers  all  notations  cf  parameters  and 
functions  are  the  same  as  were  used  previously. 

2.  Analytical  Solution  of  the  Principal  Problem  cf  the 
Smooth  Bore  Minethrowers.  (The  Simplified  Method  of 
Professor  M.  Serebryakov). 

The  following  asaumptiona  art  mads  for  the  analytical 
solution  of  this  problsm: 

1)  There  is  no  forcing  initial  pressure.  The  mine  moves 
freely  with  a clearance  between  its  surface  and  the 
smooth  wall 3 of  the  bore. 
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8)  Burning  at  th«  main  charge  in  the  stabilizer  tuba 
is  not  considered.  All  tha  gaaaa  of  tha  main  charge 
emitted  into  tha  volume  behind  tha  mine  produce  there  a 
pressure  £ and  are  considered  aa  tha  igniter  for  all 
tha  additional  oharges. 

3)  Tha  ignition  at  all  tha  additional  charges  ia  assumed 
to  ha  instantaneous  for  all  grains  and  at  all  points  of 
the  grain- surf aoss. 

4)  Tha  burning  of  tha  additional  chargee  occurs  in  par- 

allel layers  in  acocr dance  with  tha  geometrio  law  aa  is 
given  by  tha  formulas:  jOZ+XkZ1,'  S'  s /+fJkX 

5)  Tha  rate  at  burning:  U * ^ U,jb 

i ) Tha  sins  starts  its  motion  at  pressure  fa  at  the 
beginning  at  the  burning  at  the  additional  oharges  at 


7)  At  the  same  moment  the  emission  of  gases  through  tha 
olaararce  begins.  ^ 

6)  Tha  total  impulse  of  the  pressure  //><#*  & 
if-  not  effected  by  the  density  of  loading  A and  by  y^> 
9)  The  emission  of  gases  through  the  clearance  ia 

proportional  to  the  impulse:  Jr  f 

y=  = fA  s*/ 

Here;  $ part  of  the  gases  emitted  through  the  clear- 


ance. 
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The  coefficient  A 9 

p the  coefficient  ie  a characteristic  of  the  clear- 
ance (shape,  size,  dimension) 

^ is  the  cross-sectional  area  of  the  clearance. 

10)  The  heat  losses  are  evaluated  by  the  special  experi- 
ment which  produces  burning  cf  the  main  chars#  under  the 
same  conditions  as  in  the  minethrower.  During  this  ex- 
periment (within  the  constant  volume)  the  maximum  pres- 
sure jk*  of  the  main  oharge  is  observed  and  the  faros 
of  the  powder  of  the  main  oharge  is  determined,  taking 
into  considerations  l)  the  oooling  of  gases  oaused  by 
their  expansion  from  the  tube  of  the  stabilizer  into  the 
volume  bohiid  the  mine;  2)  the  heating  of  the  wall  of 
the  stabilizer  and  3)  the  heating  of  the  wings  of  the 
stabilizer. 

Thus,  we  calcula**  ^ 5 ^ - *•) 
here;  A ie  density  cf  loading  of  ths  main  charge  re- 
lated to  the  whole  volume  w.  behind  the  mine  (chamber). 
This  value  is  considerably  lower  than  f - the  force 
of  the  additional  charges  of  the  same  powder  which  is 
to  be  determined  by  tbs  regular  experimental  procedure 
in  the  mancmetric  bomb.  All  the  rest  of  the  heat  loss 
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is  negligible  and  sine*  Iters  is  no  work  apsnt  on  Ite 
rotslional  motion,  on  Ite  rtooil  and  on  Ite  f notion, 
and  sines  Ite  relative  weight  of  the  ohargs  is  about 
1%,  ns  a;rs  Justified  in  assuming  that  ths  coefficient 
• 1.0. 

Tte  process  of  firing  is  oonsldsrsd  during  ths  follow- 
ing thrss  periods: 

1)  Ths  burniig  of  ths  mai*.  ohargs  until  ths  orifioas  in 

r 

His  walla  of  ths  cardboard  oass  ars  punotursd  and  gasss 
bag  In  Iteir  flow  into  Ite  ohaaber  (period  analogous  to 
ths  preliminary  period  in  guns). 

8)  Tte  first  period  of  the  burning  of  tte  additional 


charges  with  tte  emission  of  gasss  through  ths  olsaranos 
( t is  varied  from  0 to  CK  ) . 

3)  Tte  seoond  period  - Ite  expansion  of  accumulatsd 
gases  and  their  smisaion  through  s+. 

Tte  votion  of  tte  mins  and  the  Mission  of  gasss  through 
the  cleu*?anoe  S^,  begin  at  tte  pressure  of  ths  main 
ohargs  which  is  determined  by  tte  experiment. 

Tte  ini  xal  pressure  £ oan  be  experimentally  verified 
and  calculated  from: 


Denoting:  S - the  erosa-eeoticnal  area  of  the  boro  of 
voa  nin§ throwers  S 3 

J1-  oroea-aectional  area  of  the  mine  at  the 
dlame  tar  cf  it  a bourrelet : S~S  1 


TUa  velocity  of  the  mine  la  detamined  from  the  aquation 
of  motion:  9 $ /)  dt 

for  the  aclution  wa  hava  the  following  syatem  of  aqua- 
tions: 

1)  the  baaio  aquation  of  fyrodynemlca  taking  into  aooount 
Si»  loaa  of  gaaaa  and  of  beats 

SfiiW*  f.u,+f‘oH'Y-$("n* 

Hare:  - tba  force  of  the  mixture  of  the  main  and 

addiU  nal  charge#,  its  value  v,risa  from 
■f  to  &*»U*  «»■  lnt«rm«4- 

1«U  Tala,  of 

In  order  to  compensate  our  omission  of  tbs  beat 
losses  to  the  walls  of  barrel  during  the  first  period 
(assumption  10)  wa  say  taka  instead  of  the  value  f 
tbs  larger  value  of  f (the  force  cf  the  additional 
oharges).  Then  our  aquation  will  be  rewritUns 
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SKK+thfa+fM-Y)-  f . .(M) 
“•mi  if  H»-  ■ ¥(i~t)-,*(*t-'o~  *4  &.] 

is  taking  into  acoount  tha  loaaaa  of  gasaa  through 
9)  Ihv  aquation  .for  tha  motion  of  tha  mins: 

S'pdt*  (pnnt'dv  * - . (27) 


9)  Tha  » omatric  lam  of  burning  for  tha  fins  atrip 
povdw  a : + .. 

and  for  tha  flat  diao  grains  i 
4)  lor  mu?  a aor  tha  valooit/; 


(»3) 


lA  u** 


(29) 


(30) 

•131) 


5)  Tjs  ralativa  diaehaxga  of  gasaa; 

■*  = . 

A - &&*&-*'* 3*  «■  . . 

lx"  6M  " CU  U, 

^4/  - tha  ooaffloiant  of  tha  form  of  tha  orifioea. 
^ - tha  relative  diaoharga  of  gaaaa  at  tha  and 
of  burning  of  powder. 

i.t  u.  «•»*•>  8 = j&virr 1 (•§/ ~ (41b 


whioh  is  tha  relative  energy  of  the  main 


Oua'ge. 
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Now  in  the  basic  aquation  (26)  the  variablss  Y 

and  oan  bs  expressed  in  terns  of  X and  than  (26) 


will  ba: 


Sp(4*Q* 

From  (27)  wa  have: 

Dividing  (33)  on  (32)  wa  will  have: 

f 


3'pJfs  ••••  (ss) 


r‘$? 3 

Hare  hrei^f^WAiw/^i^^and  /l/»  H' 


and  finally:  ^ = 

The  aquation  (34)  can  ba  solved  rigorously  using  the 


same  method  given  by  Prof.  Dxosdov,  but  having  in  view 
that  A for  minethrowers  is  small  £ A K 0.15)  which 
means  that  tf  varies  vary  slightly  wa  oan  taka 
<-(4L  a constant.  Than  the  integration  of  (34) 
will  give: 


Hare:  4tz  is  given  in  Prosdov’s  tables  by  the  two 

Urm  „nA  jQ  ft*  * 


entries  (parameters): 


and 


/<;'*  P~  7c  * 

Thus,  ths  solution  for  the  first  period  for  the  mine- 


thrower d if  •Pars  from  the  solution  f-'.  th'  ordinary  gun 


only  by  1)  the  presence  of  the  coefficient  A'/  =:  Xrfa 
instead  of  Kr  at  the  variable  X j 2)  Instead 

of  w 9 have  ~ and  3)  instead  of  B 

we  have  fj!  * . All  these  changes,  as  the 

results  of  certain  peculiarities  of  firing  a minethrower 
come  to  be  specific  forms  of  the  entries  in  Drosdov’s 
tables:  fcx  — and  J&  Z 

which  means  that  X and  £ are  larger  and  the 
pressure  p is  smaller  in  comparison  with  tha  case  of 
the  ordinary  guns,  where  there  is  no  such  great  dis- 
charge of  gases.  The  pressure  p is  determined  from 
(26):  x 

/»*  <T*ri70---  »•  - • w 


7or  finding  corresponding  to  the  maximum  pressure 

b we  differentiate  (35)  with  respect  to  Zand  a few 

*/** 

algebraical  manipulations  will  give  us:  .a 


T-  *0*  K)  Z & (f*  /+ 


<3<; 


here : 


jL  - _ J, 

• k.  *1  VS  A 
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«!»*  $ - 0 and  5 - $'  m tera  tha  ordinary  f oraula  for 
Xn.  If  w will  tera  **•  rotl  “xlmUB  P™’ 


•ttrai  if  Xm>/  tte  Baxiaun  i*  not  • ^ tha  fac 

taal  b/bxIbub  will  ba  at  «*  an*  of  burning  - tha  praaaura^ 

A*  * 


*» 

1 wni  4* aEdl  *g  *(htOm%L(*mit) 

Otter  alaaanta  of  tte  and  of  tha  f irat  pariod  will  ba: 

for  tte  aolution  of  tte  problem  during  tba  aaoond  pariod 

wt  will  tewa  tba  following  aquationa; 

it  * '/« & tftm  lA  • *•  (37) 

5f«fv»r^rrW''  * * 

s *vw  W*.  • * (33) 

r 2*  * 

bara;  ■ppg3 

fba  valua  cf  ia  taking  into  acoount  tba  continuad 

aaiiaaion  of  gaaaa  through  tha  olaaranca.  Aa  durirg  tha 
firat  pariod  tte  total  discbarg a of  gaaaa  ia  proportion- 
al to  tte  impuiaa  cf  tte  prasaara,  i.a.  proportional  to 


tte  valocity  of  tha  mina. 

Solution  o*  tte  aquationa  (37)  and  (33)  is  as  follows: 


S37 


(37)  oan  b*  r*wrltt*#i  , 

s/>m*  {*>[%■*■/- fa11,  • w) 

barons  ! *{* 


Haring  divided  (33)  b jr  (38) t 


ort 


2HU- 


boras 


s i f av»* 

J7J7  a -i-i^7^7,  " 


(3«) 


©•noting 

*•  find  tbt  root*  of  £,{?£)«  0 

i*m  \tQm&  f=  *$+*' 

a a !£&''&  te 

v*a,fa-  * * 

"“/fro r ^ **  (£/ 


Saving  intagrafc*d  (39)  «•  hava: 


% 


890 

or* 

and 


fta*  f <r  «?a*y  ni\s»  . P>1£*j  win  find  ( 
Ter  aula  for  tl»  jraspuras 


Fie.  vrz 

Gurv«*  (fat)  and  0 82  m/a  Bia*tiirwii»*r. 


f 

{ 

m 

Uctioa  XII  - Guns  mlth  Sapsrsd  gores.  (Conic  Qnnal 

JalsaateSiaa 

4s  far  baok  as  the  1870's  oonie  guna  had  basn  sug- 
gested and  oonetruotad  for  sxpar imantal  purposes  only. 
Soon  after  tbs  first  World  War  German  Engineer  Osrlioh 
experimented  with  tbs  oonlo  rlflt  and  found  that  the  max- 
ima velocity  of  a bullet  mas  markedly  inoraased  and  the 
trmor- piero log  affect  mas  considerably  higher  than  with 
the  ordinary  rifle* 

During  the  Second  World  War  oonlo  guns  were  used  in 
the  German  army  as  antitank,  gunat  there  mat  the  anti- 
tank gun  vith  the  oallbera  S8  m/m-SO  m/m  and  muzzle  vel- 
ocity 1400  4/ sea.  and  another  antitank  gun  mith  tbs  oall- 
bera 48-tfi  m/m  and  the  cylindro-oonlo  gun  75-50  m/m. 

The  later  model  consisted  of  an  ordinazy  75  m/m  eylln-  . 
drioal  rifled  bore,  with, the  cont limed  smooth  tapered 
bore  from  75  m/m  to  55  m/m  and  with  smooth  cylindrical 
bore  of  55  m/m  to  tbs  muzzle  of  gun.  The  projectile 
had  two  bands:  immediately  after  tbs  bourrelst  there 
mas  a directing  band  having  a light  profile  ("skirt”) 
and  the  other  driving  band  of  a more  massive  form  mas 
at  Its  usual  place  close  to  tbs  bottom  of  the  project- 
ile. (See  fig.  175.) 
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fii.  178  - An  armor  piercing  rtmll  at  the  75/55  m/a 

tapered  cun. 

Zft  order  to  clarify  the  idea  of  using  the  taper  ed 
conic  E«ta  let  a*  analyze  the  poasibllity  of  haring  a 
higher  muzzle  velocity  of  a projectile  with  a a nailer 
weight  at  the  cam*  smximam  prcaaura.  Our  problem  can 
be  abated  in  thieway;  we  have  an  ordinary  projectile 
with  it*  weight  *pd  its  muzile  velocity,  ^ the 

«w*f  # 

impulse  of  the  preaeure  XH  the  web  of  rowder  . 

. A new  projectile  hat  a weight  f <f . it  ia 
required  to  find  a LiW^elocity  \h  # if  the  maximum 

w*  $ 

pressure  and  the  density  of  loading  A (or  weight 
of  charge  uJ  ) are  unchanged. 


542 

Iron  the  roraula  tor  the  eeoond  period  we  have: 


T$r  3 f-  &*$*/-  jvi^p-(t3> 

*•*••  3 6V'-  j^'(!5*ys  yj' 

At  the  condition  or  oonetaney  of  p,  A and  A/  wo 
have  B,  /(  and  Ah  also  constant.  Therefore  tte  laft 
part  of  (45)  la  also  oonatant,  tenet » 

<ftv£ab*i$)t*£*  &"*»!  ■ ••  (M) 

«.r«or «.(£>&  ]£«',  1',  *•<  ? 

w ffr  r-  «;ry  • • -•  <«) 

Xf  CO  ia  oonatant  than*  M£=  ■ Co  oat. 

and  alnea  at  tte  deoreaee  of  weight  f tte  value  of 
9?  A+  la  inereaeed,  there fora  |jy  nuat  be  de> 

oreaeed,  i.e.,  with  a lighter  projectile  the  eoeffieient 
of  tte  utilization  of  the  oterge  ^ will  be  amaller 
than  with  a heavier  one. 


Xf  CO  ia  oonatant  than* 


Co  net. 


80  wa  have 


and  alnoe  B la  boaatant  we  have  on  more  conditions 


x<m 


J*- 


Oonet.  (47) 
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and  therefore* 


“ eomt. 

Thie  formula  make • tl  possible  to  ••loot  the  weight 
of  * now  projectile  which  will  have  the  desired  muzzle 
velocity  in  a glTtft  gun, 

. peataberieg  that  tilt  ear  ilium  vel  ooity  of  the  re  col  1- 
Iftg  eye  tea  \Cm.  tot  the  Buttle  velocity  If  of  the 
pro  lee  tile  ere  la  a definite  relationships 

VLfl ' '^r  v> 

where  J3  r#  ? Cffir'  le  the  coefficient  of  the 
•aftar-effeoP  of.  gasps. 

VAeh  we  ohaftgti  into  £*  preserving  the  seat  Cl/ 

t£1L  „ 

rf  n r.x.'?¥Lmffr 
v k jm  , *W 


and 


we  have 


since  <p'|f 


3fc</ 

Which  Beane  that  hy  taking  a lighter  projectile  at  the 
daae'eharge  ft/  we  have  a higher  nuzzle  velocity  hut 
fcttll  the  aaxlaua  veloolty  of  the  reooll  le  decreased, 
l.t, $ the  etreee  affecting  the  aounfc  of  the  gun  will  be 
rotated. 

Suppose  a pro jeo tile  with  the  coefficient  cf  weight 
C%*  15.0  has  Ite  muzzle  velocity  V1/*  1000  a/**®. 
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and  r-  0.45  ; <?■*/,*$+£  •%*/.// 

% li^hta*  projaotila  with  Cf  m 7.5  * g*  will  bara; 

» 0.90  ; 1f*a  /.  0$ +{{**)* /.  9 S 
Thant  ^ - tOOO  * /5J0 

» 1*0,  than  faf&jflt //SS;I*££nMQlt 


Tha  weight 

(45)  t 


*,a 


f * out  ha  oaloulatad  from  tha  aquation 

* 53?*" 


at%/w 


.ffc  £[*'$)' fjJ-  • • («) 


Ohaptar  1 - , 

M *Sylf^\?>*tur«»  ,a)  B*u-ijtl°  yrowrii..  of  » Qua 

■tMHfc  jti  JMMittOaau.  7 

Tha  projaotlla  la  axptotad  to  ba  aa  "ha ary*  *a  poa- 
albla  in  ordar  to  loaa  ita  ralooltjr  aa  t lowly  aa  poaaibla 
whan  aoring  in  tha  air  along  ita'  trajactory  - thla  prop- 
arty  la  obarmetarizad  by  tba  "aaotional  dmiaity*  of  tha 
projectile  (V  or  by  ita  "coefficient  of  weight"  (Jpj  t 

both  of  ,heae  qharaetariatica  oust  ba  aa  large  aa  poaai- 

*’  1 • 

bla.  On  tha  othar  hand*  tba  projactila  ia  axpactad  to  , 
ba  aa  "light"  ^a  poaaibla  in  oriar  to  acquira  ita  pre- 
aorlbad  velocity  aa  aoon  aa  poaaibla  at  tha  ahortaat 


travel  along  the  bora,  whioh  means  that  its  Cj«  %% 
ai u%  be  as  wall  as  possible.  Tbs  tapsred  gun  with  its 
souls  bors  is  designed  to  reoonoile  these  two  oontre- 


diotory  requirement*. 

let  os  denote  d%  the  initial  caliber  & the  oonie 
box*  and  <1^  the  final  oalibar  at  the  auzzls  and 
.la  snih  a bore  the  projeotil*  with  it  a ooeffloient  of 
weight  Cf#«  4 ^ haa  the  advantage  if  oompared 
with  the  project lie  hawing  its  Cf*  that  it  aoqulree 
a higher  valooity  at  the  eh  or  ter  travel  along  tha  oonlo 
bare  then  the  valpeity  c t the  pro  J to  tile  travelling  in 
a aylindrioal  bora  ef  eallbar  . And  at  tha  muzzla 
oar  projeesile  will  hsv#  its  Jji  whioh  will  ht 
acre  adventageoue  luring  its  traval  in  the  air  than  with 
lte  previoas  awalltt  vales  ^ 

The  problem  of  anslysi a of  the  principal  properties 
•f  the  tapered  bore  ie  redueible  to  the  comparative 
analysis  of  firings  of  oylindrital  guns  with  vsrieus 


sslibsrs  using  • projeotile  of  the  eaae  weight,  fe 
know  from  the  theory  of  the  bellietio  deeign  that  at 
the  unchangeable  A f ^ the  lengths  of  the 
eanal  Lt  and  of  tha  chamber  C9  and  wabs  of  powders 
to.1  expressed  in  tsras  of  oalibar  are  all  proportional 
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to  tin  ooaffieianta  Cf  & and  thair  absoluta  Tainan 
ara  proportional  to  ( Motional  danaity)* 

for  tha  oylindrioal  oanala  aa  barai 


We  YbitlmaZ)  .a;  j 

for  tha  total  roluma  of  oanal:  [ (l-f')*  J 

An 4 for  tha  raduaad  langth  of  VV  i Lc~ 

H.r„  W<  * Si'  ; L'*  *.+  i *Vc’  (W) 


Tharafara: 


and  ainca  fr  s £ (A 3*0 

or  ^r' * = ^ 


$« 


M4 


6>  C% 

8 t 


JVa  . J,  . i 

a m ^ * 

At  givan  JO  , V*,  , * thi  Taiu*  of  io  ®« 

atant,  V is  proportional  to  Q , tharafora  g 

4 * - g 

art  jf’  ara  alao  proportional  to  ^ and  tha 

abaoluta  valnac  of  ^ ^ ai«  proportional 
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u*  lit  glr.n  ^ ( t\  j * , A,  0 
tho  aoafficiant  (f  id  oona  tan*  than  ^ ia  ala© 
proportional  to  , Tha  largar  ia  tha  oalibar  at 

(IT*,  f th.  »«n«-  J&  1.  ni  tt.  .«Il.r  1.  tl» 
wab  of  tha  powdar  produoing  tha  a am*  ^ at  tha  aama  OJ. 


Vow  fxoat  and  Cj*  wa 

«»«>  i ( $f. 


k praotioabla 


a ratio  y s ^ - / W 

: K ; ( o.  *-? 

e.rs 


Thau  ^^.#t-Aff/and  alnoa  (£  or  ^ nr*  variad 

in  proportion  to  ^ wo  will  ooneluda  that  tha  pro- 
Jaatila  cf  a gran  waigh*  in  tha  gun  with  tha  oal-iar 
will  hava  tha  aama  as  «bs  pro- 

jaotlla  of  t*ha  aama  waight  ha>  with  gun  with  tha  oalibar 
4^  but  at  tha  traval  t ^ - (0>&t  -0.SS)£j  i.a. 
only  at  ona^half  of  traval  ^ in  tha  gun  with  tha  oal- 
ibar ^ . At  givan  Ha  wa  will  hava  tha  aama  value* 


OUrYM 


of  Wc  and  Ai  • At  gi7»n  ./J>  tha  outvm  (fo/lj 
and  (V;A}*tl±  ba  idantioal.  Now  if  prtssrYiBg 
and  Wf.  and  A%  a ^ at  oona tacts  wa  will  ohangn 
to*  oillbar  of  a cylindrical  gun  from  tha  largar  to  tha 

* * a 

small  sr  than  wa  vjill  hors  t9  f i.f  and  lnorsassa. 
Put  ainoa  4 ,'f  r ^ , f>  and  ora  unohangsabls  wa 

will  bawa  tha  Sana  oureaa  A)  and  for  all 

tha  as  cylindrical  guns  on  tha  whola  rang a batwaan  tha 
arstrama  valuta  of  oallbara  and  Cj  . Such  la  a baalo 
pioparty  of  tha  balliat ioally  similar  guns  of  various 
oallbara.  Prom  this  particular  proparty  wa  oan  darira 
a comprahansiva  piotura  of  tha  maaning  and  praotlcal 


Talus  of  the  whola  co  no  apt  of  tha  "taparad  guns91. 

Tha  oonlfl  bora  with  ha  constant  v o luma s W(  and  W9 
(I.a.  ) can  >a  oonsidarad  as  tha  raault  of 

tha  continual  transition  of  tha  oyllndrieal  bora  with 
tha  intial  oaliber  and  to  tha  cylindrical 

bora  with  its  oalibar  and  <V  h . Sinca  it 
has  been  shewn  abo^s  that  all  tha  ourvaa  of  velocities 
aa  functions  of  ara  idantloal  for  tha  cylindri- 

oa  , canals  with  tha  daoraasing  oallbara  wa  may  bs  jus- 
tified in  tha  assumption  feat  at  a given  % tha  on-rv* 
of  ( V’,  A } for  tha  conic  bora  at  tha  samaA,^**#^ 
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will  slto  bo  ltantioal  with  tha  8am  our to a of  tho  oylln- 
drioal  boraa  of  tt«  am*  yoluM  for  rarioua  oallbora. 

*'.oh  it  a.baaio  888uapti.cc  oor.e amia*,  tho  balliotio  prop- 
ortion of  tha  oonlo  guna . At  tho  aomo  toIvsmr  of  tha 
whola  eoaio  bora  and  lit  work  lug  part  its  langth  la  aaall- 
•r  than  tha  langth  of  tha  oyliitfrioal  bora  with  tha  o all- 
bar ant  la  largor  than  tha  langth  of  tha  oylindriotl 
bora  with  tha  oali'oor  4^  . Thia  la  aohocatlotlly 
ah  own  on  71g.  174. 


Jig.  174  A comparison  of  oonlo  and  oylind*loal 
b 0**00, 

Tha  eurro  of  jrooouraa  In  funo ticca  of  A*  jjj^  (for 
tha  oonlo  oanal)  will  bo  dlfforont  from  tha  curvo  of 
praaaoroa  for  tha  oylicflrioal  boroa  and  aftor  It*  maximum 
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It  it  running  highar  than  theaa  our  rat  ( p,  A ) and  tha 
and  of  burning  at  tha  aana  fa  for  eoaic  oanal  oomaa 
aarliar  than  for  tha  ayllnfirlaal  bora,  i.a. 


U Jobations  and  gaqnatrla  eharaetariatloa  of  tha 

aaMkUtasx 

InXat  aalibar:  d.m  ; iUa  ^ 

\ 

Outlat  aalibar:  *Li% 

JLo«ia  of  tha  oona:^f 

Tha  langth  cf  projaotila  traral;  />,  ^ 

Tha  langth  of  tha  who  la  oona;  /f**  ^ 

Total  roluaa  of  oona:  ^ <3rf£jr/9 

Yolum  of  tha  working  part  of  aanal 

lK~K+¥*> 

Yoluna  of  tha  ohanbar:  IV0  J v 

Tha  ralativi  voius®  of  tha  ocas  A - *£? 

**  W% 


fig,  175  - Gaonafcrie  data  of  tha  aonie  bora. 
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We  will  consider  a rele.tive  diameter  jj~ 

Hecoe:  ■£ s hM(/~X)  ; £}  s?  ^ 

!§f'a  **  y 

v#-  ih&o-vi}' fa'-*) 

Tbs  inS e pendent  variable  la:  A~  % ; 'V 

«,* y* 

hH(/~V) 

Tbi  equation*  for  the  conic  boro  aro  no  different  in 
tbolr  appoaranoo  from  the  equations  of  the  cylindrical 
boro,  but  it  dhould  bo  notod  that  now  tho  cross-eeotion- 
al  aroa  S io  u variable  and  not  a constant,  this  io 
& serious  complication  for  the  analytical  procedure,  but 
our  assumption  of  tbs  identity  of  the  ourves  ( A ) 
for  cylindrical  and  conic  boros  makao  it  possible  to 
oonsider  a certain  constant  average  value  of  S 
(provided  that  the  conic ity  is  not  very  pronounced). 

For  the  comparison,  wo  will  have  in  view  the  cylindrical 
here  with  its  oharacteristics;#4''K;*4lV;  t;  Q/ft 
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Ths  principal  relationships  ars: 


Spd*  -a  V/»  d*.{ l) 

di  * it, />*&-•&) 

froa:  (5)  wa  haras  , ki 


• (3) 


Hart* 

is  the  relationship  between  tha  ralatiTS  oross-uectional 


araa  of  tha  bora  and  tha  *•  1st  ire  to  luma  of  tha  bora 
WH*  s 

J*»jt  *%C*+*Ajc* 


Trow  (1)  and  (2)  we  haras  Sd*  * dlt 


J in  (50)  has  not  tha  imaadlata  connection  naithar 
with  z nor  with  r but  from  tha  curre  { V,  A ) for  tha 
cylindrical  canal  wa  nay  astabliah  tha  ralatianahip  be- 
tween a and  r for  tha  conic  bora.  Thus  we  will  find  a 
constant  arerage  for  tha  intsgraticn  of  (50). 


After  integration  we  will  haras 

v-*  $>•&• 

Tor  tha  cylindrical  bora  with  tha  same  4^ 


wa  haras 
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Sine*  for  a given  A we  have; 

than:  X's  • X 


or:  X * > Xf  ....  (58) 

This  inequality  ah  on  a that  at  the  aama  valuaa  of  V? 
and  XH  tha  relative  value  of  the  buznad  thleknaaa 
of  tha  grain  of  powder  x in  tha  oonle  bora  la  larger 
than  tha  oorraaponding  burned  thieknas*  of  X*  with  cy- 
lindrical bora.  Than  writing  tha  axpraaaiona  fo?  the 
praaaaraa  p (in  tha  conic  bora)  and  p'  (in  oylindrioal 
bora)  wa  will  hava  ffc-  (£jx 

A*.  A 

* ' Ayt+A' 

from  (58)  «a  •**  that:  X>X'j fsfrXfx+ZXX %$x'*rAx'K 

A*>A*'  * A}* A 

+ * A'p~A-W 

Tha  conolualon  ia  that  i»«.  tha  baaio  result 

of  tha  comparison  of  the  ballistic  properties  of  the 
conic  and  cylindrical  bores  ia  that  at  the  sams  loading 
cond  it  ion  a (&Q  , ^ • & i Xj)  at  the  saae  J'V  and  2^  the 
burned  part  of  powder  charge  and  the 

in  the  conic  bore  are  "Krger  than  the  corresponding  yel- 
use  in  the  oylindrioal  sore,  ard  the  more  pronounced 
the  conicity  ia  tbs  larger  are  these  differences. 
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fig.  176  - Curves  { ^>,IY  ) and  ( V*,  W ) for  the  conio 
gun  (In  dotted  Unas)  and  for  tha  cylindrical  gun 
(in  solid  linas) 

Tharafora  tba  pressure  curve  in  tha  oonic  bo /a  (see 
Tig.  176  - p and  v far  conic  bora  are  shown  as  dottad 
linos)  CGCstzuotad  as  tba  function  of  V has  a shapa  of 
a mora  prograssiva  cbaractar  than  tha  same  curve  for  tha 
cylindrical  bora  and  also  has  its  and  of  burning  (points 
with  tha  subscript  R ) at  the  smaller  If  with  tha 
smaller  A#  than  is  observed  in  the  curves  for  tha  cy- 
lindrical bore. 


l.E.  On  tha  Balationahlp  Batwaan  the  Thjnknaaaaa  of 
Powders  prod  going  the  same  Maximum  Fra  a auras  ( A ) 


in  the  Oonio  and  Cylindrical  bores. 


Sinoa  tha  oompariaon  of  tha  balliatio  propsrtiaa  of 
tha  oylindrioal  and  oonio  boraa  ie  uhaaya  mada  at  *he 
aqual  /S  *•  Hill  ah  oar  how  this  a quality  oan  ba  ob- 
tained by  tha  appropriata  ohaqga  in  ZH  (which  aftar  all 
means  a ohanga  in  tha  thioknaaa  of  tha  powdar). 

Far  tha  oylindrioal  boras  of  different  oalibara  ( cl0 
and  W*)  at  «1t«  f,  fa  and  A era  haws  a.= 
this  maana  that  i 

For  tha  cylindrical  bora  wa  have:  OC*? 

For  tha  oonio  bora  wa  have:  DC  s &*<£»  >x.' 

and  tha  diffsrsnos  ( tX-  X J at  tha  increased  v and 
dsorsassd  i®  oontinually  inoraaaad. 


ia  oontinually  inoraaaad. 
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fig.  177  - Curves  ( OC,!/*  ) far  ths  cylindrical  bore 

, v 1 

( X ) and  for  the  conic  bors  QC*  777T7 


, — — - — w — - — ■ •'***) 

Fig.  177  shows  how  x and  xf  (or  T*  ) ars  varied  with  v: 

x' is  rsprsssntsd  by  the  straight  line  O'x'and  x by  the 
curve  0*4%  tangent  to  the  straight  line  O'X '•  At  the 
given  and  equal  A^  we  have  *ni» ti  SO 
and  & >&•  If  we  would  like  to  have  Jtj^s 
then  by  ohanging  we  may  bring  down  the  curve  0 AX 
in  order  to  have  the  equal  intensities  of  the  gas  forma- 
tion along  the  interval  of  o'tl  for  both  canalB.  Sup- 
pose we  have  the  powder  with  the  constant  surface  of 
burning:  ^ 

v*  dp  UP  UP  dv*„  S/b 

we  have:  5*=^  gr  £~f  ; but  2?  * ^ 


V-  Ur 


Ul£  „ Sfa 

but  * yvw 
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H«no«s  I?' 

h»f  r~ 

for  the  powder  with  the  oonstant  surface  of  burning} 

/*•  k “4  a?- 

for  the  oonio  bora  S i»  daoraaaad  and  % ia  in- 
oraaaad.  Suppose  there  is  a special  requirement  to  make 
an  average  value  of  (&  along  the  lr.«erval  of  v from 
o to  *£,  aqual  to  jg'a 

Th«:  <*+"■(%£)  ■=  ^L-  »r:~5 

■”«  4.X,  X?«. 

Henoe  • T r 7*  • ■ n-* 

■**  ■‘xo  75^, 

vbara  (Sm*)  is  an  ayarage  yalut  of  tba  oonlcal  Croat- 

section  between  the  beginning  of  the  bore  and  its  oroee- 

seotion  where  the  velocity  is  ££  and  the  pressure  is 

A>  . Since  /V  is  known  from  the  curve  (if! A)  on' 

•ft*  m _ y / 

the  oyllndrioal  bore  we  may  find  ; - ^2  \fh  ^ar 

,hu* *•  i*s  ^ 

Ior  A k=6.o  ' ^-0.97,  at 

fj  5 7 ^ o77  - A03lKf  to*  • **&£<?' 
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Thus  we  sss  that  in  ordor  to  the  same  in  ths 

oonio  bars  (i/^^Jthe  thiokness  or  powder  must  bs 
about  Z%  ( in  szossa  over  the  thiokness  of 

powder  in  the  oylindrloal  bore  with  the  oallber  ot9 

And  this  thiokness  must  be  only  0.527  C **7-%m*) 
of  the  thiokness  of  powder  in  the  cylindrical  bore  with 
the  oaliber  ^ . It  is  not  amiss  to  note  that  not  in- 
frequently the  error  is  toads  when  the  oylindrioal  and 
oonio  bores  are  compared  at  tbs  same  thiokness  of  powders: 
The  Maximum  pressure  for  the  Oonio  bore  will  be  obtained 
in  such  oase  so  muoh  lower  that  the  powder  even  will  fall 
to  burn. 

1.3.  On  the  Comparative  Lengths  of  the  Barrels  with 
Oonio  and  Oylindrioal  Bores. 


Sinoe  the  projectile  leaves  the  muzzle  of  the  oonio 
bore  of  oaliber  ef*.  with  its  neoasaary  far  produc- 
ing its  desired  kinetic  energy  we  must  compare  the  ballis- 


tic characteristics  of  the  ooalc' bore 'of  caliber  d*  tfith 
the  ballistic. characteristics  0f  ths  cylindrical  bore 

v 

huiihgi  its  taii'oer  dj*.,  At  the  sums  these 

two  bpres  wllJL  haye- the . same  working  volumes  ie: 

Cylindrical  yo^ume;  » Conical  volume  fHryJj&x, 

01  &K-  x -xfcft  7&  • 
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The  relative  decrease  in  the  length  of  the  oonic  bore 
(in  respeot  to  length  of  the  cylindrical  bare 

w - ite.  - -few 

If  w*  have:  J^a  ?/y  ; y? , O. St/SJj*''- 0,l// 

it ».  *«:  o.ztf 


of  the  oonio  bore  then  we  w: 

hr 


If  we  consider  the  relative  deoreaee  in  reapeot  to 

m d»y sm., 
sft-M  / »-0- VJ2 

hr  fa  0.4ms 

The  con  dual  on.  is;  at  the  same  ^ wfw**  u>  A 
the  oonic  barrel  tilth  givee  the  earns  muzzle 

velocity  $$  and  the  aame  ae  the  cylindrical 

barrel  with  fit ^ at  the  deorsaaed  travel  of  the  picjec- 
tile  (&)c?  O.SO(QC  and  at  thicknsss  of  powder  de- 
creased in  ratio  f*9  This  la  the  main  advan- 

tage of  the  oonic  gins  - they  provide  the  desired  kinetic 
energy  of  the  projeotlle  at  a shorter  length  of  the 
barrel  than  do  the  cylindrical  guns.  Modern  artillery 
requiring  higher  muzzle  velocities,  ca®©  to  the  use  of 
guns  as  long  as  150  calibers  - which  brings  in  many  ser- 
ious difficulties  in  tiansrortation  and  <*™iee  (deflec- 
tion of  the  long  axaa  of  g.ms  and  vibration  cf  the  walls 
of  the  long  barrels). 
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1,4,  Taking  Into  Account  the  Secondary  Works  in  ths 
Oonlo  Bors. 

All  the  above  given  results  bavs  been  obtained  under 
the  assumption  of  the  equality  of  the  coefficient  in 
both  types  of  guns.  But  in  reality  the  guns  with  oonio 
bores  have  not  a few  specific  factors  affecting  the  a- 
mounts  of  losses  of  energy  as  well  as  the  very  forms  of 
the  processes  oreatirg  these  losses.  For  example:  a) 

The  motions  of  gases  and  uhburned  particles  of  the  charge 
go  on  in  the  oanal  which  has  its  oross-seoti. on  continu- 
ally decreased  along  the  direction  of  this  motion, 
b)  The  mechanical  deformation  of  the  guiding  and  driving 
bands  of  the  projectile  generates  an  increased  resistance 
to  the  motion  of  the  projectile  within  the  bore  along 
the  whole  length  of  its  travel  to  the  muzzle. 

We  will  es8ume  the  same  form  for  the  coefficient 

The  motion  of  gases  will  affect  the  coefficient  ^ 
especially  at  the  higher  velocities  and  at  the  larger 
whan  the  conic  bores  are  particularly  applicable 
in  practice.  The  component  Ct  is  affected  by  the 
forces  of  resistance  and  friction  of  the  banis,  which 
are  continually  increasing  and  obstruct  the  motion  cf 
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the  projectile.  This  reaetion  in  the  oonic  boras  is 
muoM  greater  than  it  is  in  ths  cylindrical  borsa  and  it 
nculd  bs  notsd  also  that  In  oonic  boras  the  antira  sur- 
face of  bands  subjsetad  to  friction  is  continually  in- 
oraasad  as  a surfaca  of  a oontact  batwaan  tha  bora  and 


ths  projectile. 

In  tha  ordinary  guns  a is 


1.03  in  snail  arms 


a * 1.10  (almost  tha  whole  surfaca  of  a bulls t is  en- 
graved in  ths  rifling!,  and  in  oonic  boras  &>1.10. 

for  ths  cylindrical  bora  (omitting  tha  widening  of 
ths  chamber)  ^a  ; if  ths  widening  of  chamber  iej^c  ^ 
than  where  A is  tha  ourrant  number 

of  ths  volume*  of  expansion;  at  /[  * 0 / 

i 

with  tha  increased  A (^approaches  y and  €.<  /<  /, 
for  deriving  the  analogous  fosmula  for  b in  oass  of  the 
oonic  bora  accounting  fer  tha  widening  of  tha  ohamber  wa 
have  to  make  oartaln  additional  assumptions; 

1.  Gas  velocity  is  in  various  sections  of  the  burs  var- 
ied as  a linear  function  from  tha  breeoh  to  tha  base  of 


projectile. 

2.  Tha  gaseous  mass  is  distributed  uniformly  but  in 
stats  of  motion  is  only  that  mass  vdtiieh  m*  the  section^' 
equal  to  tha  currant  section  of  tha  oonic  tors. 
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3.  Ths  inner  friction  in  g&aee  and  ths  friction  between 
gaaaa  and  walla  of  oanal  ara  considered  aa  negligible. 


fa  have  our  chamber  in  tba  conic  gun  with  it  a widen- 

ic« k and  th‘  °°nie  - 

tba  muzzle,  and  at  the  ourrsat  position  of  tba  projectile 

D 

~r  - ¥ at  it  a travel  c . Tba  ralativa  waight  cf  tba 
• * &+« 

moving  gas  ia  ; tba  nooeeeaiy  work  for  this  notion 

g CUtmU 

ia  ;the  toyi  waight  of  ebarga  CO 

s</.*e)_  1 . tfe-fc/i) 

CO  • )Y*+IV  " /+A  - 77^  - /l yi 


5 • 'y— ;the  total  waight  of  ebarga  CO  . 

*<&«<?_  &*ir£jL  i £+£■&  , tfe-jj/Q 

'!V«+*v"  /*/t  ~ 7m  - /V /I 


4 cm  A- 

S<7u<  ■£*  ya;  y 

7X««:  «W»  *7-377 

Tna  whole  work  for  moving  a cylindrical  volume  of  gaaaa 
with  crose-eection  $ and  waight  A^is  T f ^ 

Putting  in  hara  tha  above  shown  expresEicn  for  CJL* 

»•  1,111  toT*!  & = f y-  "7nT  Aik  ± 

Fox  tha  cylindrical  bora  wa  have;  and  -jf  ■ 

and  since:  y</  than 

Thus  wa  see  that  tha  work  required  for  the  moving 
parts  of  tha  uharge  in  tha  conic  bore  at  the  equal  A,CU 
and  TO  is  a mailer  than  in  the  cylindrical  bore  and  the 


A-t  i 


difference  between  these  amounts  of  work  ia  increased 
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during  the  motion  of  the  projectile  (because  with  the 
lnoreaee  cf  /[  y is  decreased)  i.e.,  the  value  of  Sc 
Is  decreased  at  % * ii  /i  • oi  / • is  4 ' vs. 

and  with  the  increased  A and  decreasing  the 
value  of  is  decreased. 

“ X'?1  4.  starts  from  and  with  the 

increesed  A 4L.  is  increased,  goes  through  its  maximum 
and  than  falls  down. 

Here  is  the  Table  far  and  for  the  oonio 

bore  at  * and 


0 

0.2 

0.4 

0.6 

0.8 

1.0 

2.0 

3.0 

4.0 

i 

0.185 

0.205 

0.219 

0.228 

0.235 

0.238 

0.241 

0.227 

0.203 

0.185 

0.195 

0.203 

0.210 

0.216 

0.220  J 0.231 

0.232 

0.230 

The  curve*  Uji)  and  ) at  various  $6  are  shown  on  Figure  178 

for  conic  boro  (in  dotted  lines)  and  ejrli&driefil  bore  (in  solid  lines). 


Pig.  178  - The  curves  and  t>A^  at 

various  ^6  are  -shown  on  Fig.  178  A>r  conic  bora 

(in  dotted  lines)  and  cylindrical  bora  fin  solid 

linas) 
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Tba  prooesa  of  guiding  of  tha  projaotila  with  the 
two  bunds  in  tlx*  oonie  bora  diffara  considerably  froai 
tba  gilding  in  tba  oylindrioal  bora  of  tha  projaotila 
with  ona  driving  ooppar  band.  In  tba  latter  oaaa  tha 
raaiatanoa  ia  sharply  inoraaaad  at  tbs  vary  baginning  of 
tha  engraving  of  tba  band  into  rifling  and  aa  soon  aa 
tha  band  ia  angravad  at  tba  full  dapth  of  tba  rifling 
tba  raaiatanea  alao  vary  abruptly  diminiahas.  At  tba 
who  la  traval  of  tba  projaotila  only  l£  ( H O.Ol) 
of  tha  anargy  is  abaorbad  by  tba  raaiatanoa  of  friotion 
in  rifling.  During  tba  action  of  tba  projaotila  with 
two  band  a in  tba  eonio  bora , tba  angraving  and  aquaazing 
of  both  bands  and  tbair  mors  naaslva  parts  eonkinua  dur- 
ing tba  whola  traval  and  rtqulra  an  ever- insraa sirs  a- 
aount  of  work  to  ovaroooa  all  tbesa  raaiatanoa*.  9a 
will  abow  bow  all  tbasa  obstructing  f&otcrs  oan  ba  taken 
into  account. 

fig.  179  shows  a sohsmatio  view  of  tba  axial  ores*"* 
section  of  tba  projaotila  for  the  German  eonio  gun*. 

£8/20  m/m  with  tha  tvso  bands  - the  front  leading  band 
and  the  rear  obturating  band.  The  front  band  t& a no  ac- 
tionable oylinarical  part,  Tha  rear  band  has  a small 


con- 
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cylindrical  part  abj  oonlc  part  See  is  gradually 
▼•r tad  into  the  cylindrical  surface  of  the  body  of  the 
projectile. 

Both  bands  in  their  axial  cross- sections  have  the 
shapes  of  the  bodies  of  the  equal  resistance  to  the  bend- 
ing moment  - they  are  side  at  the  base  f/  (Fig.  180)  end 
have  pointed  ends  a. 

Diameter  (Fig.  181)  ^ <*4  J diameter  cf  the  body 

of  the  projectile  oC f < 4^ 

(to  make  room  for  the  oompr eased  front  band  around  the 
body  of  the  projeotlle).  At  the  beginning  of  the  motion 
the  front  band  moves  through  35  m/m  of  the  smooth  cylin- 
drical bore  and  then  begins  its  engraving  into  the 
rifled  oonio  bore.  Powder  gases  act  on  the  inner  cavity 
of  the  rear  band  and  press  its  cylindrical  pert  ab  to 
the  surface  of  the  bore.  The  surface  of  this  part  ab 
i,s  $tto  {ri«*  179).  At  the  gradual  en- 

graving into  rifling  both  bands  are  compressed  and 
atretohed  back.  Fig.  180  shows  the  rear  band  after 
passing  the  muzzle,  the  outer  surface  of  band  has  the 
engraved  marks  of  the  rifling. 

In  order  to  evaluate  tho  work  required  to  produ^-* 
the  defoliation  of  tbs  surface  of  the  rear  ba nd  we  will 


•a sum  ( 888  Fig.  181  and  Fig.  182)  that  tha  langth  of 
tha  ganaratrix  ( ) of  tha  raar  hand  9 C&wiil  ba  pra- 

aarvad  whan  tha  ganaratrix  aftar  its  daf  or  nation  will  ba 

<cU'  (Fig.  181) 

i,a.  5 <e£'aJ 

Tha  deformation  of  tha  rubbiig  cylindrical  aurfaoa  oon- 
siata  of  tha  tranaformation  of  tha  initial  cylindrical 
aurfaoa  of  diamatar  dj  into  tha  cylindrical  aurfaoa 
cf  diamatar  . Tha  araa  of  this  aurfaoa  is  ‘•$£j(JL(+t+4,c) 
tn* 

OP<f  , •fej.  (8..  Fig.  181) 

2amambaring  that  g and  Sm~  ^ 

wa  will  haras 

= s.y  [C4; * fcHr  ■ kj’4 f 

luha:  $?  $ ,JlU  « <K*.tent 


tiw.  ! *&*)t  ■ za] 

is  tha  ratio  cf  tha  surface  of  tha  engraved  raar 

band  to  tha  cross-section  of  th®  conic  bora.  Since  y is 
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continually  decreased  this  ratio  is  continually  incraaasd. 


Fig.  179 

Cross-sectional  view  of  the 
armor-piercing  shell  of  the 
26/20  mm  conic  gun. 


Fig.  161 

Schematic  view  of  the 
pressing  of  the  rear  band 
in  the  conic  bore. 


o'  b'  * 


Fig.  180 

The  rear  band  after  its 
passing  through  the 
conic  bore. 


Fig.  162 

Schematic  view  of  the 
deformation  of  tht  rear 
band  during  the  pressing 
into  the  conic  bore. 
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Th*  faro*  of  friction  7Pr  b*tw**n  th*  band  and  th*  oonio 
•urfao*  of  bor*  will  b*s  7?r*  HS„p 
H*r*  th*  faotor  §</  aignifi**  that  th*  pxwasur* 
do**  not  aot  over  th*  friotional  aurfao*  at  its  full  val- 
u*  and  b*aid*a  thi*  a*  w*  can  as*  In  71g.  182  th*  pr*a> 
aur*  jtl  do* a not  aot  on  th*  part  whioh  m*ana  that 
th*  whol*  aurfao*  Sn  i*  not  involved  in  th*  value  of 
th*  foro*  of  friotion  AV  • ,* 

Th*  work  against  thi*  foro*  will  b*: 


: jM1 


at.  it;*  oonatant  avarag*  valu*  out  of  th*  in* 

e 


Having. 

t*gration|W*  will  hav«>  . 

dsjfrlr  «" 

and  aino*  Jp***  - 
W*  finally  will  hav*; 

jRr^^=  £z]jr 

Thu*  th*  relativ*  work  ap*nt  again*  t the  r*aistance  of 
ttm  friction  *111  bo:  .V,"-  f sQ 

Haaambarlng  that  \J/~ , w#  *111  hava: 

tilr  (Jj 


After  the  Integration  (with  the  auxiliary  variable 
£a/“*  ^ win  haves 

'&■  *•  S' 

We  may  have  the  following  Table  5 for  C&X-v  8114  ^3 


Table  5 


£ 

D 

0.10 

0.20 

0.30 

$ 

X ar. 

1.017 

1.037 

1.059 

*5 

0.0400 

0.0445 

0.0563 

0.0658 

0.60 

0.70 

1.143 

1.183 

0.1028 

0.1204 
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From  the  table  we  find  that  the  coefficient  which 

for  the  cylindrical  guna  is  constant  and  about  0.010  is 
markedly  larger  for  the  oonic  guns  and  varies  from  0.040 
to  0,120. 

But  it  should  be  remembered  that  in  our  evaluation 
I we  did  not  take  into  account  the  work  spent  on 
ths  deformation  of  the  bands  and  on  overcoming  the  resis- 
tances of  the  rifled  walls  of  the  oonic  bore  in  their 
eontaots  with  the  baxds. 

Speoial  experiments  1943-1945  have  bean  made  with 
the  projectiles  for  28/20  m/m  conio  guns.  These  projeo- 
tile  i have  been  pulled  through  special  conic  dies 
(matrices)  having  different  angles  [3  of  their  conici- 
ties.  The  tested  projectiles  were  divided  into  3 groups: 
1)  with  both  bands  on;  2)  with  the  front  band  alone  and 
3)  with  the  rear  band  alone.  The  results  - diagrams  of 
the  pulling  forces  as  functions  of  d are  shown  on 
Fig,  183  and  Fig.  184. 
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Fig.  1*3 


f]  - Rifling  fore®  for  the 
' Front  band  alone 

/I  - Pulling  force  for  the 
* Rear  band  alone 


Fig.  1*4 


A summary  action  of  fl,  and 
(1+2)  curve  represents 
a sum  of  ordinates  of  curve 
1 and  curve  2.  Distance 
is  measured  between  the 
bands. 


The  valuw  of  angle  ft  (varied  from  20°-21°  to  11°-12°) 
does  not  affect  much  the  pulling  force  fl  (not  more  than 

11-12*  of  n ). 

The  projectiles  were  pulled  through  the  dies  (matrices) 
by  means  of  Amsler’s  press.  Ths  following  regularities 
were  observed  on  the  ( 17 , "6  ) curves  obtained. 
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2.  loan  tha  projaotila  has  both  bands  (Fig . 184) 
and  th»  diatanoa  betwaan  band  a la  , than  tha  ourva 
for  tha  raar  band  (curva  2)  is  displaced  at  tha  diatanoa 

&i  from  tha  baginning  of  tbs  ourva  1 (front  band). 

3.  Tha  ourva  (1  + 2)  of  tha  total  pulling  foroa  for 


tha  projaotila  with  both  bands  starts  from  tha  point  on 


tha  ourva  1 at  tha  diatanoa  **/  from  tha 

4.  Tha  total  work  of  tha  pulling  foroa 


n ~&xi»  . 

frut  la 


largely  affaotad  by  tha  total  langth  of  traval  of  tha 


projaotila  pullad  through  tha  naxtrlx. 


Thus  obtainad  ourvas 
vartad  into  tha  ourvaa 


M 


in  ma trio a a must  ba  oon- 
of  tha  foroa  f]c  acting 


In  tha  oonic  bora  cf  a gun. 


Fig . 185  - Diagrams  for  fJ  : 1 - for  tag  ft  = 0.040 

2 - for  tag  £ s 0.025;  3 - for  tag  0 » 0.020. 


A Formula  for  Convarslon  of  tha  Jaroa  Pm  (acting 

in  tha  Matrix)  into  tha  Forou  fJc  (acting  in  tha  Conlo 
Gun). 


Fig.  186  shows  ths  acting  foress  during  tha  vraval 
of  tha  projactila  having  two  hands  along  tha  conic  canal 
(angla  /3  ) 

Tha  following  foroas  ara  at  work; 

1.  Forca  fJ  acting  along  tha  axis  of  tha  pxojac- 


tila, 

2.  fore  a of  raaction  which  is  uniformly  dis- 

tributed ovacr  tha  surface  of  tha  front  band  and  is  nor- 


mal to  this  surface. 
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3.  Fore*  of  reaction  N"  of  the  same  nature  acting 
on  the  rear  band. 

4.  Foret  of  friction  Yt  /V; 

5.  Faroe  of  friction 


Fig.  186  * Schematic  view  os’  force*  acting  on  the 
projeotile  in  the  oonic  gun. 

Projecting  all  force*  on  the  a?ia  of  the  projectile 
and  on  the  perpendicular  axis  we  will  have; 

▲10%  the  projectile-axis ; 17-  f}+Yct>S/9) 

here  V/V'' 

Badial  foroe*;  over  the  front  band;  (pz/Y 

over  the  rear  band;  9>‘  » Af"(Le  5/3  - 


Badial  foroea  produce  the  plaswic  Information  of  the 
bands. 

We  aB3um»  that  in  tne  cor'  bore  of  a gun  and  in  tin* 


conic  ratrix  at  their  equal  cro3s~aac ti ons  of  equal 
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diameters  the  radial  forces  art  equal . 

Let  us  danot*  foroas  ralatad  to  tha  conic  bora  with 
tha  subscripts  C and  foroas  ralatad  to  tha  matrix  by 
tha  subscript  M , 

Than  tha  aquality  of  tha  radial  f areas  is  expressed 


as 

/MaufciLs /yrfaft-t'S;,  j...  (B4) 


U1.1  fore.  1.  matrix:  /^=  A6,(Sa,fif  fa'ifo) 
Axial  foroa  in  conic  gun: 


Hanca: 


_ Ac 


putting 


At 


in  hsrs  (from  (54)  wa  will  have: 

(St*  fr  v e-fa } 


°r:  „ n L fy'  + t. 


. • (55) 


Sinca 


Ct£ffa'y,M  j is  very  close  to  1. 

■"  ■■»  • 3 -r  ■ 'v  • J 


Wa  may  wri  ta ; ^ j 

n.  n sV^*<e  ....  (56) 

This  formula  has  been  verified  by  tha  experiment  of 


pulling  two  projectiles  through  the  matrices  with  differ- 
ent angles  0 . From  the  values  of  ths  pull! rg.  forces 
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tl<  *nd  n%  the  value  of  the  coefficient  of  fric- 
tion has  bean  calculated  and  found  to  be  0.16, 

whioh  is  sxactly  the  practical  value  for  this  oosfficisnt. 

The  coefficient  of  friction  is  affected  by  the  vel- 
ocity of  motion  and  its  value  is  varied  as  it  is  given 

/+*,r 


by  tu>  foimula:  0 


o 


hers 


Tram  the  experiments  or  M.  Shlaposhnikov  we  have: 

JJ  * 0.27 ; a,  • 0.0213;  a%  - 0.133 
»«Mn§on  (Thermodynamics  of  Jir  earns,  1943)  gives 
y ■ 0.05  at  V}  200  m/s.  As  the  average  practical 
value  of  y we  may  take  0.10. 

fig.  187  shows  the  diagram  of  nt-m  for  the 
oonio  gun  28/20  is/m  at  V ■ 0.10 


Pig.  187  A diagram  showing  the  force  nM 

pulling  the  projectile  tnruugn  the  conic  bore  of  a ©in 

28/20  m/m.  Jk  lower  part  shows  the  axial  cross-section 
of  tbe  bore  #tth  its  v^x-yiig  diameters  from  28  m/m  to  20  m/m. 


578 

The  calculated  work  of  tha  static  pulling  through 
tha  matrix  for  this  yin  is  about  1320  jjg*  which  is 
nearly  10^  of  tha  muzzle  kinetio  energy  of  the  projectile. 
Tha  total  work  fn«  largely  depends  on  the  value  of  V 
but  not  on 

Thus  the  coefficient  & for  the  conic  gin  has  the 

^ V 

form: 

and  /+#x+K'h+/<}+KC*i Ms- 


's*?* the  relative  work  spent  on  the  ro- 

tation of  the  projectile: 

^ACH  is  the  relative  work  spent  on  overcoming 
the  frlotion  of  the  two  bands  in  the  rifling; 

(to 

A'j  «\»0/0is  the  relative  work  spent  on  overcoming 

the  real  stance  of  the  deformation  and  friction  over  the 

x*j  Jn«if 

surface  of  the  bore 

the  relative  work  on  overcoming  tho 
additional  friction  of  the  rear  band  pressed  against  the 
surface  of  the  bore  by  gaeee, 

A is  the  relative  work  moving  the  recoiling 

9 


system 

Thus  the  total  JE K Cvi  O, 

And  fi nelly  we  have  that  Q-lXO  and (fc J. <x 

c * e * A +i  v ^ 
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For  the  cylindrical  bora: 

far  ^Z  / wo  have  <ps/.OJ+£(/Jx  A3£$ 

Far  the  oonic  bora,  at  ££•»/ 

% *f-10+0'ZXt  *j.i<zx 

For  ^s/,6' 

For  t ha  cylindrical  bora:  <pr  y • £ z/S3 

For  the  conio  bora:  <^?  AZo +0.333  z/.f3  3 

lor  ^r:Jf.o 

For  tha  cylindrical  bora:  (p  —/.v$  + y-  - / /0 

To?  tha  oonic  bora:  ^ ~/.2o  + O.  **Ys  /.  {i'V 

Far  / 5*  both  ooaffioianta  (p  and  ara 

equal. 

Co  / — 

At  tha  higher  far  tba  muzzle  velooi- 

tiaa  2$  decrease  ^in  and  tba 

oonic  gun  becomes  a more  officiant  gun  than  tba  cylin- 
drical one.  Thus  at  blgb  muzzla  valocitiaa,  tba  oonio 
gun  baa  tha  advantage  over  tba  cylindrical  gun  not  only 
beoause  ita  langtb  can  ba  shorter,  but  also  baoausa  tba 
vork  required  for  tha  movamant  of  gases  within  th<»  oonio 
bore  la  considerably  lass. 

W«  hava  the  following  equations; 

Tha  equation  of  motion; 

§nfy~*n  - U) 


here  jb  - gas  pressure  on  the  projeotile. 

The  • qua  ti  on  cf  work:  ^ 4 

The  aquation  of  the  rata  of  burning : # 

u-u,p  . .,(0) 

Tha  aquatics  for  gas  formation: 

+ ...  (d) 

Tha  ralationship  between  /D  and  A (average): 

>»  _ ^ r j. . £ . 4-ik.  7 ...  (•) 

/j  U<^  J ft  /!*/  J --  • • 

Tha  ooaffioiant  aooounta  for  tha  work  against 

ths  rssistancs  of  tha  rifling  and  for  tha  rotational  mo- 
tion of  tha  projeotile  ( \ fi-z/.OH  ).  Tha  ooafflciant 

accounts  for  tha  various  secondary  work  axoapt  tha 
two:  and  | jy,Snfidf  which  ara  accounted  for 

separately. 

(pa  + A>^/.03  + €<J 

It  is  advisable  to  apply  §ie  above  system  of  aqua- 
tions to  a simple  case  with  a small.  CJ  and  a fin* 
powder  with  a very  fast  rate  of  burning.  Than  tha  aqua- 
tions (c)  and  (d)  can  be  omitted , beoaus e wa  have  a case 
of  instantaneous  burning;  the  coefficient  tfi  is  very 

A 

close  to  the  constant  value  and  the  obstructing  forces 
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ft*  § SnPp  and  /7  oan  b«  aasily  avaluatad  aa  thay 

hava  In  thia  simplifiad  oaaa  a pravalling  importanoa, . 

Thus  arc  will  ba  abla  to  asa  how  oloaa  all  tha  abova 

ahown  oaloolationa  will  ba  to  tha  expariraantal  raaulta. 

Tha  aquation  (a)  oan  ba  rawrittan: 

**[•-** 1&  „ 

and  wo  may  aalaot  au oh  a combination  of  ^ a* 

whioh  tha  raaulta  in  tha  laft  part  will  ba  avan  nagativa 

i.a.  tha  projactlla  will  not  ba  propallad  out  of  tha  gun 

and  will  atop  within  tha  bora. 

Ohaptar  2 - Solution  of  tha  Problam  af^Intarlor  Balllatloa 
for  tha  Oonlc  Bora. 

Tha  principal  aaaumptiona  ramain  tha  sama  aa  for  tha 
oyllndrloal  borat  inatantanaoua  ignition,  tha  gaomrtric 
law  of  tha  burning | tha  law  of  tha  rata  of  burning i 

tha  inatantanaoua  angraving  of  tha  band  at  tha  ini- 
tial praabur a jb  , an  unchangaabla  chamical  composition 
of  gaaaa  during  thair  axpan»lcn.  Th*  principal  distinc- 
tion ia;  tha  variabla  orosa-saction  of  tha  boora. 

Tha  principal  ralationshipa: 

(pm  *$/ o - tha  aquation  of  motion  (57) 

a - tha  law  of  tha  rata  of  (58) 

**  burning. 

(pto&dv*  puffy  — tha  aquaticn  of  tha  alt>„antary 

work.  (59) 


where : 
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_ the  aquation  o f the  trans- 
formation of  the  anarg7  . . - . . (60) 

Vfy  la  the  free  volume  of  the  chamber  at  tha 

moraa|jt  whan  part  of  tha  oharga  haa  baan  burned. 

from  (57)  and  (58)  wa  hava:  $0(4*  LL/p/ncU* 


dit- 


here:  JC  - -?-2#  ~ ^ ~ ^ 

3t-ia  tha  relative  thickness  of  tha  powder  burned 
out  from  the  baginning  of  tha  motion  of  tha  projectile: 

I,  - tha  thickness  of  powdar  burnad  out  at  tt  momant 
of  tha  baginning  of  motion. 

Zi*  tha  relative  thicknass  of  powdar;  fa  - part  of 
tha  oharga  burnad  at  tha  momant  of  tha  baginning  of  mo- 
tion of  tha  projaotila, 

Kewrlting  (61)  : ^ etx.  . . . (62) 

Tha  principal  difficulty  in  ccivirg  %hes*  aquations 
for  tha  conic  bora  is  that  wa  hava  not  yat  found  tha  ra- 
lationahip  batwaen  tha  variabla  ) and  U’ or  DC  > 
which  fact  praciudas  tha  possibility  ctf  integration  of 
tha  aquation  (62),  from  the  solution  of  our  problem  for 
tha  cylindrical  bore,  however,  we  rjayflnd  relation- 


ship between  v and  Wor 
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W*  have  already  saan  that  at  ths  same  loading  condi- 
tions for  ths  conic  and  cylindrical  bortj  w*  may  assume 
that  the  ourvee  ( V)  A ) for  both  of  these  bores  are 
identical;  hence  we  hr**  mans  to  establish  the  rela- 
tionship between  J and  V or  A * For  doing  this 
we  take  A as  our  independent  variable. 

Thus  from  (62)  we  have;  if  s 

Th*  function  can  be  taken  out  of  th*  integral 
at  its  average  value  and  then  w*  have: 

But  sino*  ^ 

»•  "lu  *«•’  $si  • tc 

and  x 

From  (59)  and  (60)  we  have: 

tiA 


(63) 


i,#*  ^Cw»  ^ ‘ 


YVn  lAifiA 


Her* 


w*  * \*a ' fu  T-  £ 


Taking  dv  from  (6/ ) and  v from  (63)  and  denoting^* 


(65) 


• -fco  <f/r> 


W#  will  have  (65)  in  the  following  form 

ja  ft^i***  a rl^-A 

X-8,sXl  ' 

as=  y 
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An  analogous  aquation  for  the  cylindrical  bora  of 

UA  R.(xdxXvf 

• • (67) 


At* a ' 

here:  3,  s *»* 

From  (66)  and  (67)  we  can  saa  that  tha  parameters 
30  and  3f  are  constant  for  tha  cylindrical  bora,.,,  and 
tha  analogous  parameters  for  the  conic  bora  become  var- 
iables depend i%  on  the  value  of  the  cross-section  of  tha 
bare* 

Smv-  S 

In  the  numerator  of  (66)  the  product 

is  a function  of  A and  should  be  transferred  into  the 

O & 

left  part  of  the  equation,  for  integration  and  IT) 
can  be  taken  either  at  its  average  value  or  as  a constant 
alonf»  tbs  whole  range  of  OC  according  to  the  value  of 
range  for  3C  . 

H««  «.  win 


Then  (66)  will  be  rewritten* 


dA 


Boxdx  .-B,  xWx 


’^xCWTfa 


■<ii) 
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Here  the  right  part  of  tha  aquation  is  tha  same  as 
in  tha  aquation  for  tha  cylindrical  bora  and  repraaanta 
tha  dlffarantial  of  Drosdov's  function  (for  integration 
should  ba  taken  ut  its  average  value  along  tha 
range  of  tha  integration  from  0 to  Zj) 


a Uf 

and  oan  be  evaluated  from  Tables  by  entries 
and  ; tha  left  part  of  (66)  also  can  ba  in- 

tegrated , and  hare  Ap  oan  ba  taken  as  an  average 
('Vi.  being  constant  for  all  values  of  yp  , or  we  can 
take  a value  for  each  (in 


the  same  way  as  shown  for  the  integration  with  the  value 
Of  ^<K  ). 


The  left  part  of  (68)  can  be  rewritten: 

i/A  _ AtdA Ac  r _ zffaj 

$}"  P*?aMa)  ' -VAi H.LA&A  4-AJ 

and  then  : 

•iA  Ac  J /&. 

(/W  A)(l-  fi-J  A*A%,  £ 


Ajgd  I 

Ac-aJ 
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wa  have: 


After  tha  integration  (from  0 to  x and  from  0 to  /]  ) 

At 


= Z ...  &V 


Dsnotlng:  -j|  (j+  tyij-A, 


»•  tans  2S”  S Z 

/-•a-  *~ 


-ak 


Solving  (69}  with  r •apace  to  A *•  will  have; 

A=AiC  ‘ ' 
p*  m fertf:  ~ 


(70) 


for  tha  cylindrical  bore 


(71) 


A. 


bare 

Tha  numerator  of  (71)  is  of  tha  sama  structure  us 
(72)  but  inataad  of  tha  constant  exponent  - we  have 

in  (n,i  'V-  tO* 


In  (71)  wa  have  denominator  which  is  ^ 1 end  is  con- 
stantly increasing  during  the  burning  of  powder  and  mo- 
tion or  pro jac tile  along  th»  conic  bora. 

Thus  we  may  say  that  (70)  expresses  clearly  a* 
specific  significance  of  the  variability  <£  *he  cross- 
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Motion  of  the  bar*  and  its  offset  on  tbs  elements  of 
tbs  firing  from  tbs  eonio  bars. 


7or  tbs  gas  prsasurs  we  wl1!  have: 


Sines  for  tbs  given  X and  ^ and 

ftmt, . ^ PriMur#  in  oonio  bors  will  bs 

bigbsr  than  in  tbs  cylindrical  bors  . 
formula  (73)  ean  bs  rswrittsn; 


Baring  diffsrsntistsd  (74)  with  rsspsot  to  JC 


(74) 

and 


making 


■ 0 ws  will  find  JC^at  wftii'  a tbs  prsa- 


surs will  bs  tbs  maximum  prssours  jO.IVs  givs  bar*  tbs 
▼alus  of  without  tbs  algebraical  details  of  He 


derivation: 


If  S is  constant  this  formula  bu corns a our  previa' s 
formula  for  in  tbs  cylindrical  bors. 

Tbs  Fig.  188  shc*"3  tbs  curvs  AJ  and  ht  Aj 

1 - for  p and  1’  for  ^ 


for  ths  cylindrical  bors: 
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and  for  the  conic  bore;  8 - far  am  2»  for 


Fig.  188  Curves  and  for  cylindrical  and 

conic  bora*.  ^6  at  tba  and  of  bum  leg  ha  a 


Chap  tar  3 - Tha  Ball  la  tic  Da  sign  of  tba  Conic  gun 

Sine  a tba  vary  purpose  of  tba  conic  gun  ia  to  shor- 
ten tba  langth  of  a vary  high  muzzle  velocity  gun,  tba 
deaign  of  this  gun  ia  directed  to  finding  a conic  bora 
corresponding  to  the  cylindrical  one  with  a minimum  bore 
volume. 

Suppose  we  rre  given  tba  following  initial  data;  a 
muzzle  caliber  weight  of  projectile  <£  and  its  muz- 
zle velocity  Vt £ ; it  ia  required  to  design  a conic  bore 
for  these  cond  it  ions. 

We  find  the  additional  ?/ 
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N car,  from  practice  (armor  piareing  projactilaa)  wa 
know  that  (at  tha  muzzla)  variaa  from  16  to  16, 

and  tha  llmlta  for  tha  minimum  Cg  (at  tha  Initial  oali- 
bar  </9  ) ara  from  6 to  7,  than  wa  find  that  tha  ranga 
of  posaibla  variation  for  fi  will  ba  w-vr 

i.a.  from  1.32  to  1.44 

t«  nm  mi iaw  ««»»«  28  20  a/a  and  73/fir  ^/a  is  r§§- 
pantivalj  1,4  and  1*363.  Wa  will  take 

For  6 wa  will  bava  Uf  1.895  O^and  wa  find 
tha  oharaotariatica  of  tha  cylindrical  gun  with  thia 
aa  calibar  and  with  2£  and  having  tha  minimum  vol- 
uma. 

^ ss~n yjf;  f «<>  *<% ; *.8  *** 

£ 1 «*«  / ;/?- 4? 

Kaxt  wa  find  from  Tables  *C,A.B. ):  B • /!a  J 

W‘;  7&x  ^Vti.'W 


from  thia  data  wa  fine; 

Voluma  cf  chambar  -So  ^ whara  Sax 

Tha  working  voluma  cf  bora;  which  la 

aqua.l  to  tha  volui#  of  tha  conic  bora.  Thus  frcm  tha 
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volume  Wi.tnd  from  th*  ratio  and  from  the  formula 

^4*  Kj oaloulata  which  ia  volume 

of  the  whole  oonai  Wc**.* 

b*l  x 

for  tha  truooatad  eona;  JVj  = Sav.^a^ — ^ 


1,M,i  <»= *”a  5 43s 

Taking  %>*  ^ .«  wa  will  find  aDd 

and  %h.  full  length  of  th.  b.rr.X 1 - Lc+ZJ* 

( u.  for  tha  braaeh  part) 

Taking  * 0.6  and  W^,  * 0.6  V**  wa  oaloulata 


uaj.ouxa*t 


X'tflt  - t5" 

i*  ^ . t ~LL*)  . . tw.  Awm 

pulse  giving  tha  daairad  , from  tha  theory  wa  know 
that  tha  and  of  burning  will  ba  closer  to  tha  baginning 

of  motion  than  it  ia  in  tha  cylindrical  bora  and  CqJL* 

_ Mm  . ^ v _ /L  } - ^ /ifV  i 

~ w 1#  ®5a***r  •UBU  r*5  ~ \c?./*rr. 

for  tha  oalculation  of  tha  ourves  of  pressures  and 


velocities  for  tha  conic  bora  wa  first  calculate  tha 
curves  (V/^J  and  £*4  Aj  for  tha  cylindrical  bora 
(Using  Tables  C.A.B. , 1942),  Having  tha  values  of  1/ 
wa  will  find  ^ $ her#  24  * ~2“~*  i8  lh 

velocity  at  tha  and  cf  burning  at  powdax’,  when  vhare  is 


no  initial  prassura  of  arg  raving. 
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I 


Taking  V corresponding  to  ▼ from  the  cur  vs  ( 'tfWjw 
oaloulata  the  valoaa  of  y * Jjj-  j 

*fs»y 

Dividing  3^uJt  by  w will  find  3^  « ; 

tha  value  2^}  mill  determine  (WhJ^  and  tha 

▼eiooimr  (ViL^.  at  tha  and  of  burning* 

Using  tha  values  of  X me  mill  oaloulata 

»d*h. 


tor* 

and  ^,and  ff  tha  a an  a as  for  tha  cylindrical  bora.  ^ ^ 4 

Far  tha  and  of  tha  first  pariod  0*/  and  — 5is* 

**  /<  ' /-ha+Ak 

suzsls  t si  eo  it ^ and  ar® 

found  from  tha  formulas ; 

a*. 

9rGtm  I \ \ /"MA  r My  r 4 

/ i / /* ^ > $g  -f  u> 

A3/\(  %.’VTT' 


» 
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the  ooaffioient  of.  the  utilization  of  the  unit  weight 

of  charges  L J.  ** 

***  /m 


m 


Tha  obtain d is  very  olosa  to  tbi  at 

tha  sane  values  of  VK&  and  at  tha  same.  loading  con- 


ditions except  ths  value  of  . 

Using  tha  raaulta  obtained  wa  may,  if  necessary,  in- 
troduce certain  corrections  in  order  to  hare  with  a bet- 
ter aoouracy  both  required  ££and  /Om  . 
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